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IN THE NAME OF ALLAH  
THE BENEFICIENT, THE MERCIFUL
And certainly We created man of an extract of clay.
Then We made him a small life-germ in a firm resting-place,
then We made the life-germ a clot, then We made the clot a lump of flesh, then
made (in) the lump of flesh bones, then We clothed the bones with flesh, then
caused it to grow into another creation, so blessed be ALLAH  , the best of the
creators.
Then after that you will most surely die.
Then surely on the day of resurrrection you shall be raised.
And certainly We made above you seven heavens; never are We heedless of 
creation.




C o rtica l con tro l of th e  sensory output of muscle sp in d les  was 
s tu d ie d  i n  a n a e s th e t iz e d  c a t s  i n  two s e r i e s  o f com plem entary  
e x p e r im e n ts .  Gamma m otoneurone a c t i v i t y  was m o n ito re d  d u r in g  
e l e c t r i c a l  s t im u la t io n  of th e  sen so rim o to r c o rtex : a) by recording 
from  s i n g l e  p rim a ry  and seco n d a ry  s e n so ry  a f f e r e n t s  from  th e  
te n u is s im u s  and f l e x o r  d ig i to ru m  lo n g u s m u sc les  in  d o rsa l ro o t 
filam en ts  and b) by v isu a liz in g  d ir e c t ly  th e  movements of in tra fu s a l  
m uscle f ib r e s  in  e x te r io r i s e d  m uscle s p in d le s  of th e  ten u iss im u s  
muscle.
I t  was found th a t  th e  s t a t e  of a n a e s th e s ia  was c ru c ia l  in  
o b ta in in g  r e p ro d u c ib le  r e s u l t s  and v a r i a t i o n  in  th e  s t a t e  of 
an aes th esia  can a l t e r  th e  fusim otor e f fe c t  from s t a t i c  to  dynamic or 
even from e x c ita t io n  to  in h ib it io n . This i s  c o n s is te n t w ith find ings 
of Vedel and M ouillac-Baudevin (1970). The a n a e s th e tic  agent used was 
a lso  im portant in  determ ining th e  magnitude and type of th e  response 
to  e le c t r ic a l  s tim u la tio n . The i n i t i a l  b u rs t of th e  prim ary a f fe re n t 
in  re sp o n se  to  p a s s iv e  s t r e t c h  was by f a r  g r e a te r  w ith  c h io ra lo s e  
th an  w ith  b a r b i tu r a te  a n a e s th e s ia  in  bo th  ten u iss im u s  and f le x o r  
d ig ito ru m  longus m uscles , su g g e s tin g  th a t  th e r e  may be a to n ic  
low -level dynamic gamma e x c ita tio n  in  ch lo ra lo se  an aes th esia .
The s t a t e  o f th e  s e n s o r im o to r  c o r te x  i s  im p o r ta n t to o . 
P re v en tio n  of CO2 escape from th e  s u r fa c e  of th e  c o r te x  in  th e  
p resen t experim ents by covering the co rtex  w ith  1 cm of m ineral o i l  
i s  thought to  be th e  so le  fa c to r  which made th ese  r e s u l ts  d if f e re n t  
from those obtained  by Gladden and MdWilliam (1977a,b).
O ther new f in d in g s  were 1) th e  to p o g rap h ic a l mapping of th e  
sen so rim o to r c o r te x  in  r e l a t io n  to  th e  ty p e  of gamma motoneurones 
r e c r u i t e d ,  s t a t i c  o r  dynam ic, and 2) e v id e n c e  f o r  in d e p e n d e n t 
c o r t ic a l  con tro l of d if f e r e n t  types of s t a t i c  gamma motoneurones:
1) A "dynamic area"  was id e n t i f ie d  from which dynamic e f fe c ts  were 
c le a r ly  e l i c i t e d  during s tim u la tio n . The boundaries were the  c ru c ia te  
su lcus ( a n te r io r ly ) ,  th e  an sa te  su lcus (p o s te r io rly )  and th e  s a g ita l  
lo n g itu d in a l f is s u re  (m e d ia lly ) .  L a te r a l ly ,  th e  a re a  ex tended h a lf  
way to  th e  p o s tc ru c ia te  dimple. In ad d itio n  from d ire c t  observation  
o f i n t r a f u s a l  f i b r e  movements i t  was c l e a r  t h a t  dynam ic gamma 
motoneuroneswere never re c ru ite d  alone.
2) S ta t ic  e f f e c ts  were e l i c i t e d  follow ing s tim u la tio n  of a much wider 
a rea  across th e  sen so rim o to r c o r te x , th e  p o s tc r u c ia te  dim ple being  
alm ost a t  th e  c e n tre . The sensorim otor co rtex  was not only capable of 
c o n t r o l l in g  s t a t i c  gamma m otoneurones in d ep en d en tly  from dynamic 
ones, b u t a l s o  cap ab le  o f s im u ltan eo u s ly  in h ib i t in g  some, s t  due cjamnmcL 
motoneurones and e x c itin g  o th e rs , lending support to  th e  idea (Boyd, 
1986) th a t  th e re  i s  more than one type of s t a t i c  gamma motoneurone.
ACKNOWLEDGMENTS
A period  of research  in  an academic i n s t i t u t e  provides the  worker 
w ith  an unique opportun ity  to  lea rn  from o th e r people, a l l  en th u s ia s ts  
in  d if f e r e n t  f ie ld s ,  and thus develop h is  own s c ie n t i f i c  d is c ip lin e .
Thus, I am g ra te fu l to  a la rg e  number of people both in  and out of 
th e  i n s t i t u t e  of physiology a t  Glasgow U n iv ersity , and i f  space allowed 
me I should l ik e  to  have named each in d iv id u a lly . However, my s in ce re  
thanks must go to  a l l  who provided me w ith  th e  s tim u la tin g  atmosphere 
fo r  research .
S p e c i f i c a l l y ,  I would l i k e  t o  e x p re s s  my g r a t i t u d e s  to  my 
su p e rv iso r, Dr. M.H.Gladden f i r s t l y  f o r  th e  o p p o rtu n ity  to  c a r ry  out 
th i s  work, secondly fo r  her c o n s is ten t advice and h e lp fu l c r i t ic is m  both 
d u rin g  th e  experim en ta l work and th e  p r e p a ra t io n  of t h i s  th e s i s  and 
th i rd ly  fo r  her help  in  m icrosurgery.
I wish to  thank th e  M in istry  of H ealth  and Medical Education of 
Islam ic Republic of Iran  fo r  s p i r i tu a l  and f in a n c ia l support during the  
p a s t th re e  y ears.
My th an k s  a re  a ls o  to  Dr. J .  Rosenberg, Dr. B. Conway, Dr. D. 
H alliday  and D r. M. Dickson fo r  th e i r  fr ien d sh ip  and tech n ica l help and 
advice during th re e  y ears.
I am g re a tly  in  debt to  our tech n ica l s t a f f ,  and in  p a r t ic u la r  to  
t i r e l e s s  p a t ie n c e  o f M iss J .  W ilson  and to  h e r  e x p e r t  te c h n ic a l  
a s s is ta n c e , and a lso  to  Mr. J . Ward and h is  co lleagues in  e le c tro n ic  
u n i t .
Outwith th e  physio log ical scene, an immense debt i s  owed to  my 
w ife fo r  both  undertaking and carry ing  out th e  ta sk  of typing th is  work.
I should a lso  take  th is  opportun ity  to  thank my fam ily abroad, 
fo r  th e i r  encouragement and in te r e s t  in  my c a ree r  throughout my l i f e .
Table of Contents
Page
A bstract ......................................................................................................................i i
Acknowl edgement ........................................................................................................iv
Table of Contents ...................................................................................................v
L is t  of F igures ........................................................................................................ix
L is t  of T ab les.......................................................................................................... xx
Chapter 1 : In tro d u c tio n  and L ite ra tu re  Review
Section  A: General I n t r o d u c t io n ..................... ................................................1
S tru c tu re  and in n erv a tio n  of th e  mammalian muscle s p i n d l e  1
H isto ry  ........................................................................................................... 2
The o u te r capsule and f lu id  s p a c e ....................................................3
S tru c tu re  of in tra fu s a l  f ib re s  ...........................................................4
Sensory in n erv a tio n  ..................................................................................4
Motor in n erv a tio n  ...................................................................................... 5
Functional P ro p e rtie s  of Muscle Spindles .......................................... 8
A fferen t d ischarge during  a s t r e t c h ............................................... 8
E ffec t of fusim otor s tim u la tio n  on in tra fu s a l
f ib re s  and a f fe re n t d ischarges ........................................................................ 11
P ro jec tio n  of Muscle A fferen ts  to  th e  sensorim otor co rtex  in
c a ts  ............................................................................................................................... 12
The Ascending Path of Group I Muscle A fferen ts from th e
F o re lim b ......................................................................................................................16
The Ascending Path of Group I Muscle A fferen ts from the
Hind Limb ....................................................................................................................17
Do Muscle A fferen ts  Mediate a P o s itio n  Sense? .................................19
"Follow-up Length Servo" Hypothesis .................................................... 22
Alpha Gamma Linkage o r C oactivation  ..................................................... 24
Alpha Gamma Independence ............................................................................28
Section B: L ite ra tu re  R ev iew .............................................................................29
The C entral Control of Fusimotor Neurones .........................................29
Methods of Study .........................................................................................29
C r i te r ia  to  D istin g u ish  between Recruitment of d if f e re n t
types of garrma ..........................................................................................................31
E ffec t of C entral S tim ulation  on Fusimotor S y stem ......................33
Independent con tro l of dynamic gairma and s t a t i c
ganma motoneurones ................................................................................................. 35
Independent con tro l of d if f e r e n t  types of s t a t i c  
ganma motoneurones ....................................................  37
Chapter 2 : M ate ria ls  and Methods




Intravenous C a n n u la tio n .............................................................................47
Hind Limb D enervation: Femoral and O bturator Nerves ....................47
Cannulation of th e  Right Femoral A rtery  ...........................................48
Is o la tio n  of Muscle Spindles in  Tenuissimus M u sc le ......................49
Id e n tif ic a t io n  of In tra fu sa l F ib res ................................................... 51
H is to lo g ica l Procedure ...............................................................................51
Laminectomy ......................................................................................................52
Hind Limb Denervation: S c ia tic  Nerve ...........................  53
F ixing th e  Cat to  th e  Experimental Frame .........................................55
B. Experimental Set-Up ......................................................................................... 55
Temperature and Blood P ressure Control ............................................. 55
Hind Limb Arrangement .................................................................................56
C onstruction  of th e  Spinal Pool ............................................................56
R e trac tio n  of the  Dura and Exposure of th e  Spinal C o r d ..............57
vi
C. Experimental Procedure: Dorsal roo t .......................................................57
D. S urgical Procedure: Second Stage ............................................................. 59
C onstruction  of th e  Head Pool ................................................................ 60
E. Experimental Procedure: Sensorimotor Cortex ...................................... 60
Setting-U p th e  P u lle r  .................................................................................61
C o rtica l S t im u la t io n ...................................................................................61
C o rtica l record ing  ....................................................................................... 63
Data S torage ....................................................................................................64
A nalysis of D a t a ........................................................................................... 64
Chapter 3 : R esu lts
Section  A: Dorsal Root Recording .................................................................... 67
I .  E ffe c t of c o r t ic a l  s tim u la tio n  on tenuissim us
prim ary a f fe re n ts  ....................................................................................................68
A. In tra fu sa l Recruitment alone: Dynamic E ffe c ts  ...................... 69
B. In tra fu sa l Recruitm ent alone: S ta t ic  E ffec ts  ....................... 74
C. Mixed In tra  and E x trafusal Recruitment .....................................79
D. In h ib itio n  of In tra fu sa l Muscle F ib res  .....................................80
I I .  E ffe c t of C o rtica l S tim ulation  on FDL Primary A fferen ts  ..81
I I I .  E ffe c t of C o rtica l S tim ulation  on Tenuissimus
Secondary a f fe re n ts  ................................................................................................82
IV. L atencies of In tra fu sa l E ffec ts  ......................................................85
S ection  B: E x te r io rise d  Tenuissimus Muscle Experiment .......................... 86
I .  W ithout Dorsal Root R e c o rd in g ...................................  86
A. Spontaneous A c tiv ity  of In tra fu sa l F ib res  ...............................86
B. Innervation  and Id e n tif ic a t io n  of In tra fu sa l f i b r e s  87
C. Recruitm ent of S ta t ic  In tra fu sa l F ib res  ...................................88
D. Recruitm ent of Dynamic Bagi f ib re  ................................................92
E. In h ib itio n  of In tra fu sa l F ib res  ....................................................92
I I .  E x te rio r ise d  Muscle Spindle w ith  A fferen t R e c o rd in g ............93
•  •
VI I
Section  C: A fferen t P ro jec tio n  to  Sensorimotor C o r te x ....................... 94
I .  Tenuissimus Muscle ..................................................................................94
I I .  F lexor Digitorum Longus (FDL) Muscle .......................................... 95
Chapter 4 : D iscussion
Choice of an a e s th e tic  agent ................................................................. 98
Choice of muscles ...................................................................................... 100
Stimulus param eters ..................................................................................101
S ta te  of th e  sensorim otor co rtex  .......................................................102
Topographical mapping of th e  sensorim otor c o r t e x .....................103
E x te r io r ise d  muscle experiments............................................................... 107
E ffe c ts  of c o r t ic a l  s tim u la tio n  on primary a f fe re n ts  .....114
S ta t ic  in tra fu s a l  f ib re  recru itm ent ................................................121
Alpha-motoneurone recru itm ent on c o r t ic a l  s t im u la t io n ............... 124
E ffe c t of c o r t ic a l  s tim u la tio n  on tenuissim us
secondary a f fe re n t d ischarge ............................................................................125
Descending pathways ..................................................................................127
Appendix A ................................................................................................................. 128
Bibliography ............................................................................................................. 129
•  •  •
V I I I
L is t of F igures
F ig  1 . D iagram  o f th e  s e t - u p  u sed  f o r  i s o l a t e d  m u sc le  s p in d le  
experim ents. A. Devices from top to  bottom a re : D igitim er,
N eurolog s e t ,  I s o la te d  S tim u la to r  and S tim u la tin g  Monopolar 
E lec tro d e . B. Devices a re : Video Copy P rocessor, V ideocassette  
P lay e r, M onitor, Videocamera, L ight Microscope and th e  Muscle 
Bath.
F ig  2. A. The exposed v e r te b ra l  column from th e  r ig h t  s id e .  The 
spinous processes of v erteb rae  L5, L6, L7 and SI re sp ec tiv e ly  
a re  v is ib le  from r ig h t  to  l e f t .  B. The exposed sp in a l cord, 
a f t e r  com pletion of th e  laminectomy, in  p a ra f f in  pool.
F ig  3. Diagram of th e  l a t e r a l  a sp e c t of th e  h in d  lim b o f th e  c a t  
showing b ranches of s c i a t i c  n erve  sev ered  in  p rep ara tio n  fo r  
d o rsa l ro o t record ing  experim ents.
F ig 4. Animal in  th e  experim ental frame showing sp in a l pool, sk u ll 
pool and th e  p o s itio n  of d if f e r e n t  e lec tro d es .
F ig 5. The completed p a ra f f in  pool w ith l e f t  sp in a l ro o ts  L7 and SI 
severed  from th e  cord.
F ig  6. Diagram of th e  experim en tal s e t-u p  used in  d o rsa l ro o t 
record ing  experim ents.
F ig  7 . The co m p le ted  p a r a f f i n  poo l o f th e  s k u l l  show ing th e  
p e r i c r u c i a t e  c o r te x  and  th e  s p r in g -m o u n te d  s t i m u l a t i n g  
e le c tro d e .
Fig 8. Devices used during  dorsal ro o t recording experim ents. From 
top to  bottom: Temperature and Blood P ressure Recording Device, 
O scillo scope , Neurolog s e t ,  D is tr ib u to r , Pulse-H eight Analyzer, 
D ig ita l O scilloscope, D igitim er and a Power O s c illa to r  a t  th e  
very bottom.
i x
Fig 9. Diagram of th e  r ig h t  f ro n ta l co rtex  of th e  c a t .  The numbers 
show th e  main p o in ts  of s tim u la t io n . C ru c ia te  su lc u s  l i e s  
behind p o in ts  1 and 2 and ansa te  su lcus almost ends a t  p o in t 6. 
Po in t 8 rep resen ts  p o s tc ru c ia te  dimple (P cd).
F ig 10. Diagram of th e  to ta l  number of tenuissim us a f fe re n ts  in  each 
e x p e rim e n t and a l s o  th e  ones t h a t  w ere n o t re sp o n d in g  to  
s tim u la tio n  of th e  p e r ic ru c ia te  co rtex . Number of experiments 
i s  given in  chronological o rder. The c a ts  in  experiments 21 and 
23 were c h io ra lo se -an aes th e tized .
F ig  11. A. Area of th e  r ig h t  c o r te x  where a tte m p ts  were made to  
record  su rface  evoked p o te n t ia ls .  B. Diagram of th e  dorsal 
and  m e d ia l a s p e c t s  o f  th e  r o s t r a l  p o le  o f  a c e r e b r a l  
hemisphere. The lo ca tio n  of th e  p ro je c tio n  a reas of the  group 
I muscle a f f e r e n ts  from th e  c o n t r a la te r a l  fo re lim b  a re  shown 
s tip p le d  and from th e  hind limb hatched. H orizontal hatching: 
a re a  o f q u a d ric e p s . V e r t ic a l  h a tc h in g : a re a  of p o s te r io r  
b ic e p s -se m ite n d in o su s . S . c r . ,  c r u c ia te  su lc u s  (B taken from 
Landgren and S ilfv e n iu s , 1969).
Fig 12. A. D isplay of a computer d ig i t iz e d  f i l e  whose tim e ax is  i s  
p a r t ia l ly  extended in  B and C in  order to  make measurements of 
th e  dynamic index, slow decay and i n i t i a l  b u rs t p o ss ib le . The 
m id d le  t r a c e  i l l u s t r a t e s  how th e  i n i t i a l  b u r s t  ( i b ) ,  th e  
dynamic index (d i)  and th e  slow decay (sd) were measured.
F ig  13 . The e f f e c t  o f  an o d a l (A) and c a th o d a l  (B) c o r t i c a l  
s t im u la t io n  on th e  response  of a s in g le  ten u iss im u s  prim ary 
a f f e r e n t  to  ramp s t r e t c h .  P o in t of s tim u la t io n  was 1 mm 
a n t e r i o r  t o  Pcd . T en u iss im u s  s t r e t c h e d  2 mm. C o r t i c a l  
s tim u la tio n  shown as a s o lid  b ar.
X
Fig 14. The e f fe c t  of anodal c o r t ic a l  s tim u la tio n  on a tenuissim us 
primary a f fe re n t d ischarge . Upper tra c e s  a re  the  responses of 
th e  primary a f fe re n t to  ramp s tr e tc h  w ith  (B) and w ithout (A) 
c o r t i c a l  s t im u la t io n  o f p o in t  5. M iddle  t r a c e s  a r e  th e  
re sp o n se  o f a n o th e r  te n u is s im u s  p rim a ry  a f f e r e n t  to  ramp 
s t r e tc h  w ith  (D) and w ithout (C) c o r t ic a l  s tim u la tio n  of Pcd. 
Lower tra c e s  showing th e  tenuissim us muscle was s tre tc h e d  2 mm. 
Cs, c o r t ic a l  s tim u la tio n .
F ig  15. Response of a ten u iss im u s  prim ary a f f e r e n t  to  c o r t ic a l  
s tim u la tio n  a t  an a rea  1 mm la te r a l  to  p o in t 5. A dynamic ganma 
m o to n e u ro n e (s )  was th o u g h t to  be r e c r u i t e d  ( s e e  t e x t ) .  
Tenuissimus muscle s tre tc h e d  2 mm. C o rtica l s tim u la tio n  shown 
as a s o lid  b ar.
F ig  16. Response of a ten u iss im u s  prim ary a f f e r e n t  to  c o r t ic a l  
s t im u la t io n  a t  p o in t  5 . A dynam ic gamma m otoneurones was 
th o u g h t to  be r e c r u i t e d  ( s e e  t e x t ) .  T en u issim u s  m u scle  
s tre tc h e d  2 mm. C o rtica l s tim u la tio n  shown as a s o lid  bar.
Fig 17. The e f fe c t  of c o r t ic a l  s tim u la tio n  a t  an area  ju s t  p o s te r io r  
to  p o in t  4 on ten u iss im u s  prim ary  a f f e r e n t  d isc h a rg e . The 
e f fe c t  i s  of dynamic type. Tenuissimus muscle s tre tc h e d  2 mm. 
C o rtica l s tim u la tio n  shown as a s o lid  b ar.
F ig 18. A s l ig h t  dynamic response of a tenuissim us primary a f fe re n t 
to  c o r t ic a l  s tim u la tio n  a t  p o in ts  6 (A) and 5 (B ). Tenuissimus 
s tre tc h e d  2 mm. N otice how th e  frequency of spontaneous reg u la r 
b u rs tin g  a c t iv i ty  of th e  prim ary a f fe re n t in  B increased  due to  
c o r t ic a l  s tim u la tio n  (shown as s o lid  b a rs ) .
Fig 19. The e f fe c t  of c o r t ic a l  s tim u la tio n  a t  p o in t 5 w ith a high 
stim ulus s tr e n g th  (3 .2  mA) on a ten u iss im u s  prim ary  a f f e r e n t  
d is c h a r g e .  T e n u iss im u s m u sc le  s t r e t c h e d  2 mm. C o r t ic a l  
s tim u la tio n  shown as a s o lid  b ar.
x i
Fig 20. The e f fe c t  of anodal c o r t ic a l  s tim u la tio n  a t  p o in t 5 on a 
tenuissim us primary a f fe re n t d ischarge. Stim ulus s tre n g th  was 
0 .6  mA. T e n u is s im u s  m u sc le  s t r e t c h e d  2 mm. C o r t i c a l  
s tim u la tio n  shown as a s o lid  bar.
F ig  21. The e f fe c t  of two consecutive cycles of c o r t ic a l  s tim u la tio n  
a t  Pcd on a t e n u is s im u s  p r im a ry  a f f e r e n t  d i s c h a r g e .  
Tenuissimus s tre tc h e d  2 mm. C o rtica l s tim u la tio n  shown as s o lid  
b a rs .
F ig  22. The e f fe c t  of c o r t ic a l  s tim u la tio n  an a tenuissim us primary 
a f f e r e n t  h a v in g  a v e ry  good dynam ic re sp o n se  to  th e  ramp 
s t r e t c h .  The c a t  was a n a e s th e tiz e d  w ith  c h lo ra lo s e  in  t h i s  
c a se . The p o in t of s t im u la t io n  was a t  5 and th e  s tim u lu s  
s tre n g th  was about 3 .0  mA. Tenuissimus muscle s tre tc h e d  2 mm. 
C o rtica l s tim u la tio n  shown as a s o lid  b a r.
F ig  23. The e f fe c t  of two consecutive cycles of anodal s tim u la tio n  
a t  p o in t 4 on a tenuissim us primary a f fe re n t d ischarge from a 
c h l o r a lo s e - a n a e s th e t i z e d  c a t  w ith  2 .4  (A) and 3 .0  (B) mA 
s tr e n g th .  Tenuissim us s t r e tc h e d  2 mm. C o r t ic a l  s t im u la t io n  
shown as s o l id  b a rs .
F ig  24 . The e f f e c t  o f th r e e  c o n s e c u t iv e  c y c le s  o f c o r t i c a l  
s tim u la tio n  on th e  same tenuissim us primary a f fe re n t (shown in  
f i g  23) from  a c h lo r a lo s e - a n a e s th e t i z e d  c a t .  P o in t  o f 
s t im u la t io n  was on c r u c i a t e  s u lc u s  a n t e r i o r  to  p o in t  5. 
Tenuissimus s tre tc h e d  2 mm. C o rtica l s tim u la tio n  shown as s o lid  
b a rs .
F ig 25. The e f fe c t  of consecutive cycles of c o r t ic a l  s tim u la tio n  on 
th e  resp o n ses  of two ten u iss im u s  p rim ary  a f f e r e n ts  to  ramp 
s t r e t c h .  A. The re sp o n se  to  ramp s t r e t c h  i s  c o m p le te ly  
a b o lish e d  a f t e r  one second p a s t  th e  o n se t of s t im u la t io n  a t
•  •
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p o in t  14. B. The ramp re sp o n s e  i s  c o m p le te ly  a b o l is h e d  
follow ing c o r t ic a l  s tim u la tio n  a t  p o in t 4. Tenuissimus muscle 
s tre tc h e d  2 mm. C o rtica l s tim u la tio n  shown as s o lid  b ars .
Fig 26. The e f fe c t  of two consecutive cycles of c o r t ic a l  s tim u la tio n  
a t  Pcd on th e  response of a tenuissim us primary a f fe re n t to  the  
ramp s t r e t c h  w ith  s tim u lu s  s t r e n g th  of 2 .1  mA. The ramp 
resp o n se  i s  a b o lish e d  in  th e  second c y c le  of s tim u la t io n . 
Tenuissim us s t r e tc h e d  2 mm. C o r t ic a l  s t im u la t io n  shown as 
s o l id  b a rs .
F ig  27. The e f fe c t  of c o r t ic a l  s tim u la tio n  a t  p o in t 5 (A) and 6 (B) 
on th e  same ten u iss im u s  p rim ary  a f f e r e n t  d isc h a rg e  d u rin g  a 
ramp s t r e t c h .  The s t im u lu s  s t r e n g t h  was 3 .5  and 2 .0  mA 
re sp e c tiv e ly . Tenuissimus s tre tc h e d  2 mm. C o rtica l s tim u la tio n  
shown as s o lid  b a rs .
F ig 28. The e f fe c t  of c o r t ic a l  s tim u la tio n  (1 mm a n te r io r  to  Pcd) on 
th e  response of a tenuissim us primary a f fe re n t to  ramp s tr e tc h . 
Tenuissimus s tre tc h e d  2 mm. C o rtica l s tim u la tio n  shown as a 
s o l id  b a r.
F ig  29. The e f f e c t  of c o r t i c a l  s t im u la t io n  on th e  resp o n se  of a 
ten u iss im u s  p rim ary  a f f e r e n t  to  ramp s t r e t c h .  Pcd (A) and 
p o in t 5 (B) were s tim u la te d . Tenuissim us s t r e tc h e d  2 mm. 
C o rtica l s tim u la tio n  shown as s o lid  b a rs .
F ig  30. The e f f e c t  of c o r t i c a l  s t im u la t io n  a t  p o in t  5 on th e  
re sp o n s e  o f a s in g l e  te n u is s im u s  p r im a ry  a f f e r e n t  w ith  
d i f f e r e n t  i n t e n s i t i e s ,  3 .0  (A ), 3 .0  (B) and 3 .2  (C) mA 
re sp e c tiv e ly . Tenuissimus s tre tc h e d  2 mm. C o rtica l s tim u la tio n  
shown as s o lid  b ars .
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Fig 31. The e f fe c t  of c o r t ic a l  s tim u la tio n  on th e  response of two 
ten u iss im u s  prim ary  a f f e r e n ts  from 2 d i f f e r e n t  c a ts  to  ramp 
s tr e tc h .  Pcd was s tim u la ted  in  both cases w ith  0 .2  (A) and 1.7 
(B) mA. Tenuissimus s t r e tc h  2 mm. C o rtica l s tim u la tio n  shown 
as s o lid  b a rs .
F ig 32. The e f fe c t  of c o r t ic a l  s tim u la tio n  a t  p o in ts  4 (A) and 9 (B) 
on th e  response of two d if f e re n t  tenuissim us primary a f fe re n ts  
to  ramp s t r e t c h .  S tim ulus s tr e n g th s  were 1 .6  and 0 .2  mA 
re sp e c tiv e ly . Tenuissimus s tre tc h e d  2 mm. C o rtica l s tim u la tio n  
shown as s o lid  b a rs .
F ig 33. The e f fe c t  of two consecutive cycles of c o r t ic a l  s tim u la tio n  
a t  p o in t 4 an th e  response of a tenuissim us primary a f fe re n t to  
ramp s tr e tc h  w ith  in te n s i ty  of 0 .8  mA. Tenuissimus s tre tc h e d  2 
mm. C o rtica l s tim u la tio n  shown as s o lid  b a rs .
Fig 34. The e f fe c t  of consecutive cycles of c o r t ic a l  s tim u la tio n  a t  
p o in t 4 on th e  response of a tenuissim us prim ary a f fe re n t from 
a ch lo ra lo se -an aes th e tized  ca t to  ramp s tr e tc h .  Note th e  good 
dynamic response of th e  a f fe re n t to  th e  ramp s t r e tc h  befo re  and 
a f t e r  th e  s tim u la tio n . Tenuissimus s tre tc h e d  2 mm. C o rtica l 
s tim u la tio n  shown as s o lid  b a rs .
F ig  35. The e f fe c t  of c o r t ic a l  s tim u la tio n  a t  p o in ts  4 and 5 on the  
resp o n se  of two d i f f e r e n t  FDL prim ary  a f f e r e n ts  of a c a t ,  
a n a e s th e t i z e d  w ith  b a r b i t u r a t e s ,  to  ramp s t r e t c h .  FDL 
s tre tc h e d  2 mm. C o rtica l s tim u la tio n  shown as s o lid  b ar.
F i g  3 6 .  A t y p i c a l  d y n a m ic  r e s p o n s e  o b t a i n e d  f ro m  a 
ch lo ra lo se -an aes th e tized  c a t 's  FDL prim ary a f fe re n t on c o r tic a l  
s tim u la tio n  a t  an area  1 mm medial to  p o in t 5. FDL s tre tc h e d  2 
mm. C o rtica l s tim u la tio n  shown as s o lid  b ar.
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Fig 37. The e f fe c t  of c o r t ic a l  s tim u la tio n  on a FDL prim ary a ffe re n t 
re sp o n s e  to  ramp s t r e t c h ,  from  a c a t  a n a e s th e t i z e d  w ith  
b a rb itu ra te s . FDL s tre tc h e d  2 mm. C o rtica l s tim u la tio n  shown 
as s o l id  b a rs .
F ig  38. The e f fe c t  of c o r t ic a l  s tim u la tio n  a t  th e  same p o in t, but 
w ith  d i f f e r e n t  i n t e n s i t i e s  ( se e  t e x t )  on th e  response  of a 
ten u iss im u s  secondary  a f f e r e n t  to  ramp s t r e t c h .  Tenuissim us 
s tre tc h e d  2 mm. C o rtica l s tim u la tio n  shown as s o lid  b a rs .
F ig  39. The e f fe c t  of c o r t ic a l  s tim u la tio n  of d if f e r e n t  p o in ts  (see 
te x t)  on th e  response  of a ten u iss im u s  secondary  a f f e r e n t  to  
ramp s tr e tc h .  Tenuissimus s tre tc h e d  2 mm. C o rtica l s tim u la tio n  
shown as s o lid  b a rs .
F ig  40. The a b o lish m e n t o f th e  re sp o n s e  to  ramp s t r e t c h  of 
tenuissim us secondary a f fe re n ts  due to  c o r t ic a l  s tim u la tio n  of 
p o in ts  5 (A) and 4 (B and C) w ith  1 .1 5 , 0 .8  and 1 .1  mA.
Tenuissimus s tre tc h e d  2 mm. C o rtica l s tim u la tio n  shown as s o lid  
b a rs .
F ig 41. The e f fe c t  of c o r t ic a l  s tim u la tio n  a t  p o in t 9 on th e  response 
o f  a t e n u is s im u s  s e c o n d a ry  a f f e r e n t  t o  ramp s t r e t c h .  
T enuissim us s t r e tc h e d  2 mm. C o r t ic a l  s t im u la t io n  shown as 
s o l id  b a rs .
F ig 42. The e f fe c t  of c o r t ic a l  s tim u la tio n  a t  p o in ts  5 (A) and 4 (B) 
on th e  response  of a ten u iss im u s  secondary  a f f e r e n t  to  ramp 
s t r e tc h .  Tenuissimus s tre tc h e d  2 mm. C o rtica l s tim u la tio n  shown 
as s o l id  b ars .
F ig  43. H istogram  showing th e  t o t a l  number of s p in d le s  in  each 
experim en ts in  d i r e c t  v is u a l iz in g  s e r i e s  and th e  number of 
sp in d les  w ith  n e ith e r  spontaneous a c t iv i ty  nor recru itm ent from 
th e  c o r t ic a l  s tim u la tio n .
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Fig 44. The p a tte rn  of in n erv a tio n  of th e  l e f t  po le of th e  sp in d le  8 
( ta b le  1) from a n a ly s is  of s e r ia l  h is to lo g ic a l s e c tio n s .
Fig 45. The p a tte rn  of in n erv a tio n  of the  r ig h t  pole of th e  sp in d le  
11 ( ta b le  1) from an a ly s is  of s e r ia l  h is to lo g ic a l se c tio n s .
F ig  46. C ir c u i t  diagram s showing th e  p a t te r n  of in n e rv a tio n  of 7 
sp in d les  (nim bers co rrespond  to  th o se  in  ta b le  1) p o s tu la te d  
from  t h e i r  sp o n ta n e o u s  a c t i v i t y  and p a t t e r n  o f c o r t i c a l  
re c ru itm e n t in  d i r e c t  v is u a l iz in g  ex p erim en ts. In te r ru p te d  
l in e s  in d ic a te  connections in  which th e re  i s  some u n ce rta in ty .
F ig 47. Cross se c tio n  of sp in d le  9 (A) and 8 (B) a t  po les showing
alm ost no e la s t i c  f ib re s  around dynamic bagi f ib r e .  An e la s t i c
f ib r e  i s  in d ic a ted  by th e  arrow.
F ig  48. C ross s e c t io n  of s p in d le  10 (A) and 8 (B) a t  th e  eq u a to r
re g io n  showing a c le a r  s e p a ra t io n  of th e  dynamic bagi f ib r e
from th e  s t a t i c  in tra fu s a l  f ib re s .  The n u c le i of th e  s t a t i c  
bag2 f ib r e s  (n) a re  v i s i b l e  in  th e  upper s p in d le .  L, long 
ch a in  f ib r e ;  C, n u c le a r  ch a in  f ib r e ;  OC, o u te r  c a p su le , D, 
dynamic bagi f ib re ;  S, s t a t i c  bag2 f ib re .
Fig 49. Cross se c tio n  of sp in d les  9 (above) and 10 (below) separated  
by an a r te ry  (A). The two bag f ib re s  c lo se r  to  th e  a r te ry  a re  
s t a t i c  bag2 f ib re s .  Video p ic tu re s  of these  two sp in d les  i s  
shown in  f ig  51. D, dynamic bagi f ib re ;  S, s t a t i c  bag2 f ib re .
F ig 50. Diagram in d ic a tin g  th e  p o in ts  w ith in  th e  sensorim otor co rtex  
from where th e  a c t iv i ty  of in tra fu s a l  f ib re s  could be a ffe c te d  
on s t im u la t io n  in  d i r e c t  v i s u a l i z i n g  ex p erim en ts. Numbers 
correspond to  those  in  ta b le  1.
Fig 51. The e f fe c t  of c o r t ic a l  s tim u la tio n  of Pcd ( f i l l e d  c i r c le )  on 
in tra fu s a l  movements of sp in d le  9 and 10 above and below th e  
a r t e r y  (A ). C o r t ic a l  s t im u la t io n  o f o th e r  p o in t s  (open  
c i r c le s )  could produce th e  same response. The primary region
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of th e  top  sp in d le  i s  to  th e  l e f t  and th a t  of bottom sp in d le  i s  
to  th e  r ig h t  s id e  of th e  p ic tu re . The arrows in d ic a te  a p a ir  of 
kinked nuclear chain f ib re s  in  th e  sp in d le  9 (above the  a r te ry )  
a t  two lo ca tio n s  in  th e  top p la te .
F ig  52. P a t te rn  of in n e rv a t io n  of th e  r ig h t  p o le  of s p in d le  9 
(above) and the  l e f t  po le of sp in d le  10 (below ).
F ig  53. The e f f e c t  of c o r t i c a l  s t im u la t io n  of p o in t  4 ( f i l l e d  
c i r c le )  and o th er p o in ts  (open c i r c le s )  on in tra fu s a l  movements 
o f  t h e  r i g h t  p o le  o f  th e  s p i n d l e  3 . N o te  t h e  g ra d e d  
s tra ig h te n in g  of th e  n u clear chain  f ib re s  from above downward. 
The arrow s in d ic a te  a k inked  n u c le a r  ch a in  f ib r e  in  th e  top  
p la te  p r io r  to  s tim u la tio n .
F ig  54. The e f f e c t  of c o r t i c a l  s tim u la t io n  a t  p o in t  5 ( f i l l e d
c i r c le )  and o ther p o in ts  (open c ir c le s )  on in tra fu s a l  movements 
o f th e  l e f t  p o le  of th e  s p in d le  16 (se e  t e x t ) .  The arrow s 
in d ic a te  a p a ir  of kinked n uclear chain f ib re s  in  th e  top p la te  
p r io r  to  c o r t ic a l  s tim u la tio n .
Fig 55. The e f fe c t  of c o r t ic a l  s tim u la tio n  of Pcd ( f i l l e d  c ir c le )  
and o th er p o in ts  (open c i r c le s )  on in tra fu s a l  movements of th e  
r i g h t  p o le  of th e  s p in d le  17. S chem atic  d iag ram  of th e  
in tra fu s a l  f ib re s  of sp in d le  17 i s  shown in  f ig  58.
F ig  56. The e f f e c t  of c o r t i c a l  s t im u la t io n  of p o in t  6 ( f i l l e d
c ir c le )  and o th er p o in ts  (open c ir c le s )  on in tra fu s a l  movements 
of sp in d le  3 a t  the  prim ary region . The whole sp in d le  moved to
th e  r ig h t  hand s id e  as a r e s u l t  of recru itm en t. The arrows in
th e  m iddle p la te  in d ic a te  th e  d i r e c t io n  of movement of th e  
in tra fu s a l  f ib re s  during c o r t ic a l  s tim u la tio n .
F ig  57. The e f f e c t  of c o r t i c a l  s tim u la t io n  a t  Pcd on in t r a f u s a l  
f ib r e s  of th e  l e f t  p o le  of th e  s p in d le  3. The secondary  
sensory axon(s) i s  v is ib le  ly ing  on top of th e  bag f ib re s .
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F ig  58. The in h ib i to r y  e f f e c t  of c o r t ic a l  s t im u la t io n  a t  p o in t 5 
( f i l l e d  c i r c le )  on spontaneous a c t iv i ty  of the  two lower chain 
f ib re s  of th e  sp in d le  17. The i l l u s t r a t io n  does no t a c tu a lly  
show th e  in h ib it io n , i t  only shows the  recru itm ent of one chain 
f ib r e .  The s t a t i c  bag2 f ib re  above th e  chain moved to  th e  r ig h t  
a s  w e ll ,  b u t i t  i s  n o t p o s s ib le  to  see  t h i s  in  th e  s t i l l  
photographs.
F ig  59. The e f f e c t  of c o r t ic a l  s t im u la t io n  a t  Pcd on in t r a f u s a l  
movements of the  sp in d le  in  which the  a c t iv i ty  of i t s  primary 
a f f e r e n t  was being  reco rd ed  s im u lta n eo u s ly . (co rresp o n d in g  
changes in  a f fe re n t f i r in g  a re  shown in  f ig  60, A). Above, th e  
s p in d le  p r i o r  to  s t im u la t io n ;  below , th e  s p in d le  d u r in g  
s tim u la tio n . The arrows in d ic a te  th e  d ire c tio n s  of movement of 
th e  in tra fu s a l  f ib re s  during c o r t ic a l  s tim u la tio n .
F ig  60. Changes in  prim ary  a f f e r e n t  d isc h a rg e  of a ten u iss im u s 
muscle sp in d le  on c o r t ic a l  s tim u la tio n  of Pcd (A) and po in t 5 
(B ). The primary a f fe re n t o r ig in a te s  from th e  sp in d le  in  f ig  
59.
Fig 61. The e f fe c t  of c o r t ic a l  s tim u la tio n  of po in t 7 on tenuissim us 
muscle sp in d le  in tra fu s a l  movements (B and C) and corresponding 
p rim ary  a f f e r e n t  d isc h a rg e  (A ). C i s  th e  p ic tu r e  of th e  
sp in d le  when weakly unloaded. (An i l l u s t r a t i o n  of th e  unloaded 
sp in d le , during  maximal e x tr a fu s a l  c o n tr a c t io n ,  cou ld  n o t be 
shown because th e  sp in d le  went com pletely out of focus.
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Fig 62, Upper tra c e : th e  e f fe c t  of s tim u la tin g  a dynamic axon in  the  
v e n tra l ro o ts  on th e  response of a tenuissim us primary a f fe re n t 
to  ramp s t r e t c h .  Lower t r a c e :  th e  response  to  p a s s iv e  ramp 
s t r e tc h  only. Open arrow in d ic a te s  increased  leng th  s e n s i t iv i ty  
due to  s t im u la t io n ;  f i l l e d  arrow  in d ic a t in g  no in c re a se  in  
l e n g th  s e n s i t i v i t y  even  in  th e  p re se n c e  o f gamma dynamic
s tim u la tio n , (c o u rte sy  of Dr. Gladden, Dr. Qnonet-Denand and
Michael Dixon).
F ig 63, Diagram showing th e  dynamic (dark s tip p le d )  and th e  area  from 
w here s t a t i c  fu s im o to r  axons c o u ld  be r e c r u i t e d  ( l i g h t
s t ip p le d ) .  S .c r . ,  c ru c ia te  su lcu s; S .a . ,  ansate  su lcu s .
xix
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Table 1. Spontaneous a c t iv i ty  and recru itm ent of in tra fu s a l  f ib re s  on 
c o r t ic a l  s tim u la tio n  of each sp in d le  iso la te d  from tenuissim us 
muscle of th e  c a ts  under b a rb itu ra te  an aes th esia .
Table 2. Spontaneous a c t iv i ty  and recru itm ent of in tra fu s a l  f ib re s  on 
c o r t ic a l  s tim u la tio n  of each sp in d le  iso la te d  from tenuissim us 
muscle of th e  c a ts  under b a rb itu ra te  an aes th esia .
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INTRODUCTION a n d  LITERATURE REVIEW
SECTION A: INTRODUCTION
The s e n so ry  r e c e p to r s  a r e  th e  gatew ays th ro u g h  w hich th e  
o u tsid e  world e n te rs  our mind. They are  th e  s tru c tu re s  which d efine  
th e  l im its  of s e n s i t iv i ty  and determ ine the  range of s tim u li th a t  can 
be p e rce iv ed  and a c te d  upon. One p e r ip h e ra l  re c e p to r  w ith  th e  
unique c h a ra c te r is t ic  of having e f fe re n t motor innervation  i s  the  
muscle sp in d le . Muscle sp in d les  a re  perip h era l sense organs of the  
g re a te s t  im portance. They a re  as e s se n tia l  fo r  awareness of 
limb p o s itio n  as they a re  fo r  th e  f in e  con tro l of movements, the  
f in e r  th e  muscular con tro l over a jo in t ,  th e  r ic h e r  i s  the  sp ind le  
content of th e  c o n tro llin g  m uscles.
Research on th e  muscle sp in d le  had been concerned w ith a wide 
range of a s p e c ts ,  in c lu d in g  m orpho logy , f u n c t io n a l  p r o p e r t i e s ,  
c e n tra l a c tio n  of sp in d le  a f fe re n t neurones and perip h era l ac tio n  of 
fusim otor neurones and th e i r  c e n tra l co n tro l. Although th is  review 
focuses on the  cen tra l con tro l of sp in d le  a c t i v i t i e s ,  morphology and 
functiona l p ro p e rtie s  w ill be d iscussed  b r ie f ly  because p a r t of th e  
work fo r  t h i s  th e s i s  in v o lv ed  d i r e c t  o b se rv a tio n  of liv in g  sp in d le  
a c t iv i ty  as well as a h is to lo g ic a l study of a few sp in d les .
S tru c tu re  and in n erv a tio n  of th e  mammalian muscle sp ind le
The m uscle s p in d le  has th r e e  main components: a bundle of
s p e c ia l iz e d  m uscle f ib r e s ,  i n t r a f u s a l  m uscle f ib r e s ;  motor nerves, 
th e  axons of ganma and b e ta  motoneurones; and sensory nerves, primary 
and secondary a f fe re n ts .
H istory
Kiihne was th e  f i r s t  to  see  m uscle s p in d le s  in  mammals and 
c a lle d  them, from th e i r  shape, MUSKELSPINDELN (muscle sp in d le ) , which 
name has been adopted since then. However they were not recognized as sense organs until 
Sherrington in late 1890's demonstrated that the spindles were specialized receptor 
structures. He re p o rte d  th e  p resen ce  of
la rg e  m y e lin a ted  a f f e r e n t s  and t h e i r  te rm in a tio n  in  th o se  sen se  
o rg an s. Almost s im u ltan eo u s ly  R u ff in i (1898) p rov ided  us w ith  h is  
e legan t drawings, d iv id in g  nerve  endings on m orphological c r i t e r i a  
in to  th re e  d i s t in c t  types: primary and secondary a f fe re n ts  and p la te
endings. However, id e n t i f ic a t io n  of p la te  endings by Ruff in i  was fo r 
long u n n o ticed  u n t i l  1 9 3 0 's  when B.H.C. Matthews dem onstrated  th e  
e f fe c t  of fusim otor a c t i v i t y  on e x c i ta t io n  of s p in d le  a f f e r e n ts  by 
supramaximal s tim u la tio n  of th e  motor nerve to  th e i r  paren t muscle. 
E a r l i e r ,  Langley (1922) had n o tic e d  th a t  m y elin a ted  v e n tra l  ro o t 
f ib re s  f e l l  in to  two groups according to  diam eter and he suggested 
th a t  th e  small motor nerve f ib re s  might "perhaps form th e  small nerve 
endings in  muscle sp in d le s" . O 'Leary, Heinbecker and Bishop (1935) 
f e l t  th a t  th e  anatomical d if f e r e n t ia t io n  of motor nerve f ib re s  would 
be r e f le c te d  fu n c tio n a lly  and th a t  they too suggested th a t  the  group 
of small motor f ib re s  might in n erv a te  muscle sp in d le s . However, due 
to  te c h n o lo g ic a l in ad eq u ac ie s  t h e i r  experim ents were inconclusive . 
The la rg e r  group of f ib re s  soon acquired th e  p re fix  "alpha" (Erlanger 
and G asser, 1937) w hile th e  sm aller group of f ib re s  were given the  
p re f ix  "ganma" by Leksell (1945). In  f a c t ,  system atic  research  on th e  
sep a ra te  fusim otor in n erv a tio n  of th ese  recep to rs  e s s e n tia l ly  began 
w ith L e k se ll 's  monograph in  1945.
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In the  f i r s t  h a lf  of the  cu rren t century attem pts to  research  
th e  function  of muscle sp in d les  were not somehow on the  r ig h t tra ck  
as alm ost every in v e s t ig a to r  was looking  a t  th e  s p in d le s  th rough  
S h e rrin g to n 's  sp ec tac les  and th a t  was th e  involvement of these  sense 
organs, in  a l in e a r  manner, in  sim ple sp in a l re fle x e s  as the b as is  
fo r  motor co n tro l. In s p i te  of those e f f o r t s ,  i t  i s  now c le a r  th a t  
m uscle s p in d le  a f f e r e n ts  do p ro je c t  s tro n g ly  to  th e  sen so rim o to r 
c o r te x  (A m assian and B e r l in ,  1958; O sca rsso n  and R osen, 1963; 
Landgren and S ilfv e n iu s , 1969 and S ta rr  e t  a l . ,  1981).
I t  i s  believed  now th a t  more than two th ird s  of the  m yelinated 
nerve f ib re s  in  a muscle nerve inn erv a te  th e  muscle sp ind les  (Boyd 
and Smith, 1984). Although both  R uffin i (1898) and Matthews' (1933) 
i n v e s t i g a t i o n s  v ag u e ly  and t h a t  o f L e k s e l l  (1945) e s s e n t i a l l y  
in d ic a ted  th a t  the  bulk of th e  fusim otor in n erv a tio n  of the  sp ind le  
was m ediated by small gamma motoneurones, we now know th a t  a 
s u b s ta n tia l co n trib u tio n  i s  a lso  made by th e  mixed skele to fusim otor 
o r b e ta  mot oneur o n es , which in  a d d it io n  in n e rv a te  ex tra fu sa l motor 
u n its .
The ou ter capsule and f lu id  space
The o u te r  c a p s u le  of th e  s p in d le  i s  c o n tin u o u s  w ith  th e  
perineurium  of the  nerves which supply the  sp in d le . I t  p resen ts  a 
s ig n if ic a n t  b a r r ie r  to  the  passage of t r a c e r  p ro te in  and bears some 
resemblance to  th e  b lood-brain  b a r r ie r  (Boyd, 1985). The f lu id  space 
which i s  formed by expansion of th e  c e n tr a l  2 mm of o u te r  cap su le  
c o n ta in s  a j e l l y - l i k e  su b stan ce  r ic h  in  a c id  m u co p o ly saccarid es , 
probably to  p ro te c t the sensory endings from imechanical in te rfe re n c e  
and to  lu b r ic a te  th e  system  so th a t  th e  i n t r a f u s a l  f ib r e s  s l i d e
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e a s ily  p as t each o th e r. I t  i s  l ik e ly  th a t  i t  provides a co n tro lled  
chemical environment fo r  the  s a tis fa c to ry  function ing  of the  sensory 
endings (Fukami, 1986).
S tru c tu re  of in tra fu s a l  f ib re s  
Two types of in tra fu s a l  f ib re s  were f i r s t  recognized in  muscle 
sp in d les  of both ca ts  and humans from l ig h t  microscopy (Boyd, 1985; 
Cooper, and D aniel, 1963). Cat muscle sp in d les  u su a lly  con tain  two 
re la t iv e ly  la rg e  "nuclear bag" fib res  up to  10 mm long and 25jj.im in  
diam eter, so named because of a la rg e  accumulation of n u cle i a t  th e  
s p in d le  "eq u a to r"  u n d e rly in g  th e  te rm in a ls  of th e  prim ary sensory  
ending; and th re e  to  f iv e  sm aller "nuclear chain" f ib re s  about 4 mm 
long and 12yj,m in  d iam e te r , w ith  a s in g le  row of n u c le i in  th e  
eq u a to ria l reg ion .
The two nuclear bag f ib re s  a re  themselves of two d is t in c t  types 
term ed "bagi f ib r e "  and "bag2 f ib r e "  because of th e  h is to ch em ica l 
d iffe re n c e  between them, or "dynamic n uclear bag f ib re "  and " s ta t i c  
nuc lear bag f ib re "  because of th e i r  d if fe r in g  mechanical p ro p e rtie s . 
Many human s p in d le s  c o n ta in  th re e  o r fo u r  dynamic bagi and s t a t i c  
bag2 f ib re s  and up to  ten  chain  f ib re s  making a to ta l  of up to  14 in  
a l l ,  bu t o ther human sp in d les  con ta in  the  same number of in tra fu s a l  
f ib re s  as those in  the  c a t.
Sensory in n erv a tio n  
Each sp in d le  con tains one primary sensory ending co n s is tin g  of 
s p ir a l  or annular te rm in atio n s, each of which e n c irc le s  an in tra fu s a l  
f ib re .  Terminals round a l l  th re e  types of in tra fu s a l  f ib re ,  a re  a l l  
connected to  th e  same group la  a f fe re n t axon which has an ex ternal
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diam eter of ,7 m to  21 m and conduction v e lo c ity  from about 
55 m/sec to  120 m/sec. Secondary sensory endings in  the  c a t co n s is t 
of le s s  re g u la r  s p i r a l  o r a n n u la r te rm in a tio n  round each n u c le a r  
ch a in  f ib r e  and some s p ra y - l ik e  te rm in a tio n s  on th e  n u c le a r  bag 
f ib re s .  Group I I  f ib re s  have an ex ternal diam eter of between '1 
jm w ith  conduction  v e lo c i t i e s  of 20 m /sec to  65 m /sec. I t  i s  
believed  th a t  a l l  th ree  types of in tra fu s a l  f ib re s  can co n trib u te  to  
th e  group la  in p u t, whereas th e  ch a in  f ib r e s  p ro v id e  m ost, and in  
some cases  a l l ,  of th e  group I I  in p u t .  Some s p in d le s  may have no 
se c o n d a ry  en d in g s  a t  a l l ,  w hereas o th e r s  have up to  f iv e  such  
endings, two on one s id e  of th e  primary ending and th re e  on the o ther 
(Boyd, 1962). The most corrmon arrangem ent, however, i s  fo r  th e re  to  
be one primary ending and one secondary ending ad jacen t to  i t  o n  eacta
side .
Motor inn erv atio n  
H is to r ic a l ly ,  Leksell (1945) concluded th a t  th e  small e ffe re n t 
f i b r e s  o f th e  v e n t r a l  r o o t  a r e  m ost l i k e l y  th e  m otoneurones 
in n erv a tin g  in tra fu s a l  muscle f ib re s .  He s tu d ied  the  ac tio n  of 
th e se  gamma e f f e r e n ts  on t h e i r  own by e lim in a tin g  th e  la rg e  a lp h a  
motor f ib re s  by a p ressu re  block; thus both groups of f ib re s  could be 
e le c t r i c a l ly  excited  in  the  v en tra l ro o t, but only th e  gamma e ffe re n t 
inpu lses  reached the  muscle. On th e i r  a r r iv a l  th e re , they f a i le d  to  
e l i c i t  any appreciab le  c o n tr a c t i le  ten sio n , but m u ltif ib re  recordings 
showed th a t  they in c reased  th e  a f f e r e n t  d isc h a rg e  from th e  m uscle. 
These find ings were soon re fin e d  by Hunt and K uffle r (1951) by using 
a double s in g le  f ib r e  p re p a ra t io n , s in g le  gamma m otor axons were 
stim u la ted  in  v en tra l roo t filam ents w hile recording in  dorsal root 
f ila m e n ts  from th e  la  a f f e r e n ts  of s p in d le s  which th e  m otor axons
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in n e r v a te d .  T o g e th e r  th e s e  e x p e r im e n ts  e s t a b l i s h e d  th e  gamma 
e f f e r e n ts  as a s p e c i f ic  fu sim o to r system  devoted so le ly  to  con tro l 
th e  muscle sp in d le .
Spindles re c e iv e  two d i s t i n c t  ty p es  of fu sim o to r in n e rv a tio n  
from ganma motoneurones in  th e  sp ina l cord, dynamic and s t a t i c ,  the  
d iffe ren ce s  between which being due to  the  mechanical p ro p e rtie s  of 
th e  in tra fu s a l  f ib re s  innervated . Thus dynamic gamma axons innerva te  
th e  dynamic bagi f ib r e  a t  one or both po les. In about one th i rd  of 
sp in d les  th e  dynamic bagj^ f ib r e  i s  a lso  innervated  by a dynamic be ta  
axon, which a d d i t io n a l ly  in n e rv a te s  slow ly  c o n tra c tin g  e x tr a fu s a l  
f ib r e s ,  type S. The s t a t i c  bag2 f ib r e  i s  innervated  by s t a t i c  gamma 
axons. No b e ta  in n e rv a tio n  of t h i s  f ib r e  has been id e n t i f i e d .  In 
c o n tra s t both s t a t i c  gamma and s t a t i c  b e ta  axons innervate  th e  chain 
f i b r e s  i n  a m anner more com plex th a n  th o s e  two o th e r  f i b r e s ,  
sum m arized by Boyd (1 9 8 5 ). S t a t i c  b e ta  axons a l s o  su p p ly  f a s t  
c o n trac tin g  ex tra fu sa l muscle f ib re s .
In  a d d it io n  to  m otor in n e rv a tio n  s e le c t iv e  to  each ty p e  of 
i n t r a f u s a l  f i b r e ,  most s p in d le s  re c e iv e  a t  le a s t  one n o n -se lec tiv e  
s t a t i c  gamma axon branch in n erv a tin g  the  s t a t i c  bag2 f ib re  and some 
c h a in  f i b r e s .  In  o th e r  w o rd s, a s in g l e  s t a t i c  gamma axon may 
te rm inate  on th e  s t a t i c  bag2 f ib r e ,  one or more chain f ib r e s ,  o r both 
in  sev era l sp in d les  i t  su p p lie s .
The s to ry  of b e ta  axons i s  gaining more and more importance. 
The evidence th a t  mammalian muscle sp ind les  are  supplied  by branches 
of alpha motoneurones was put forward by Bessou, Emonet-Denand and 
Laporte (1963, 1965) in  th e i r  work on the  f i r s t  deep lurribrical muscle 
of th e  c a t .  I t  was about th e  same time th a t  skele to fusim otor f ib re s  
a cq u ire d  th e  a l t e r n a t iv e  name of b e ta  f ib r e s .  The p r e f ix  b e ta  was
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in tro d u ce d  by Boyd and Davey (1959) to  in d ic a te  th e  conduction  
v e lo c ity  of a group of motor f ib re s  to  tenu issim us. Steg (1962) and 
Kidd (1964) a lso  found be ta  axons having conduction v e lo c ity  midway 
between a lp h a’s and gamma’s .  However, i t  was not until the time of the 
Stockholm symposium (1965) th a t  th e  p r e f ix  b e ta  was being  used by 
Barker to  in d ic a te  th e  function  of an axon, i . e .  th a t  i t  innervated  
both in tra fu s a l  and e x tra fu sa l muscle f ib re s . Almost Snnrtultaneously 
Brown, Crowe and Matthews (1965) confirmed the ex istence  of dynamic 
be ta  axons in  th e  c a t during th e i r  study on the  t i b i a l i s  p o s te r io r  
m uscle. The la b e l appears  to  have s tu ck  and a b e ta  f ib r e  i s  now 
a c c e p te d  as  one of p a r t i c u l a r  f u n c t io n  r a t h e r  th a n  c o n d u c tio n  
v e lo c ity .
Cbb, )
Since th e  in n erv a tio n  of dynamic bagi/\ f ib re s  and th a t of s t a t i c  
(S V>a )
bag2,\and nuclear chain f ib re s  in  the  ca t muscle sp in d le  a re  la rg e ly  
independent of one another; th e re fo re , i t  might not be too ir re le v a n t  
i f  some p e o p le  r e f e r  to  them  as  dynam ic and s t a t i c  i n t r a f u s a l  
system s. A lthough m icro sco p ic  o b se rv a tio n  of liv in g  sp ind les  has 
emphasized the s p e c i f ic i ty  of inn erv atio n  of the  bagi f ib re  by e i th e r  
be ta  or gamma dynamic fusim otor axons, anatomical s tu d ie s  show th a t  
in  about 15% of c a t tenuissim us sp ind les  the  bagi f ib re  a lso  rece ives 
motor in n erv a tio n  by axons which a lso  innervate  chain f ib re s  (Kucera,
1984). Having found n o n -se lec tiv e  inn erv atio n  in  50% of bagi f ib re s  
in  lum brical sp ind les  in  monkey, Kucera in te rp re te d  i t  as in d ica tin g  
le s s  s e le c t iv e  in n erv a tio n  of in tra fu s a l  f ib re s  in  monkey as compared 
to  c a t .  He a ls o  found n o n -s e le c t iv e  in n e rv a tio n  of human bagi 
f ib re s ,  though Gladden, W allace and Craigen (1985) d id  n o t. In r a t  
sp ind les  th e re  a lso  appears to  be considerab le  n o n -se le c tiv ity  in  the  
in n e rv a tio n  of th e  bagi f ib r e  by s t a t i c  axons (Walro and Kucera,
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1 9 8 5 ), b u t in  th e  sam ple s tu d ie d  by A rb u th n o tt ,  G ladden and 
Sutherland (1989) n o n -s p e c if ic  in n e rv a tio n  of bagi f ib r e s  occu rred  
only when a s in g le  axon innervated  an e n tire  sp in d le  po le . We can 
only  be s u re ,  a t  p r e s e n t ,  th a t  bagi f ib r e s  a re  in n e rv a te d  r a th e r  
independently , s in ce  physio log ical evidence i s  not ye t a v a ilab le  to  
in d ic a te  w hether n o n -s e le c t iv e  in n e rv a tio n  of bagi f ib r e  has any 
functiona l im portance.
Functional p ro p e rtie s  of muscle sp ind les
S tre tc h  of the  muscle in  which the  muscle sp in d les  a re  embedded 
g iv e s  r i s e  to  s e n so ry  d i s c h a r g e s ,  a s  does a c t i v a t i o n  of th e  
in tra fu s a l  muscle f ib re s  by fusim otor s tim u la tio n .
A fferen t d ischarge during a s tr e tc h  
T ypical resp o n ses  of prim ary and secondary  endings of a 
s p in d le  to  a ramp s t r e t c h  and r e le a s e  of th e  m uscle a t  d i f f e r e n t  
v e l o c i t i e s  w e r e  w e l l  d e m o n s t r a t e d  b y  C o o p e r ,  1 9 6 1 .  
C h a ra c te r is t ic a lly , th e  primary ending d ischarges a t  h igh frequency 
during th e  s t r e tc h  and f a l l s  s i l e n t  during th e  re le a se , whereas the  
secondary ending responds w ith  a sm aller overshoot in  i t s  d ischarge 
and continues to  f i r e  during th e  re le a se  phase. Also, th e  d ischarge 
of th e  primary ending i s  u su a lly  much le ss  reg u la r than th e  secondary 
ending. Secondary endings show an almost l in e a r  r i s e  in  d ischarge 
frequency during th e  s t r e tc h  which i s  re la te d  to  the  leng th  of the  
s p in d le  a t  any p o in t in  tim e . Prim ary en d in g s, on th e  o th e r  hand 
freq u en tly  show a n o n -lin ea r r i s e  in  d ischarge frequency during the  
s t r e tc h  (Boyd, 1986). This r i s e  i s  preceded by a f a s t  r is in g  phase 
a t  th e  s t a r t  of th e  s t r e tc h  and followed by a f a s t  f a l l  a t  the  end of 
s t r e tc h ,  both  of which a re  much more marked in  th e  group la  d ischarge
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th an  in  group I I  d isc h a rg e . However th e  in c re a se d  frequency  of 
primary endings may adapt during the  h o ld -s tre tc h , e i th e r  when the  
s t r e t c h  i s  a p p lie d  a t  long m uscle len g th s  or d u rin g  dynamic gamma 
axon s t im u la t io n .  T h is  i s  th o u g h t to  be due to  a m ech an ica l 
phenomenon, "creep", which only happens in  dynamic bagi f ib re s .
When a ramp and hold s tr e tc h  i s  app lied  to  an iso la te d  sp in d le , 
th e  dynamic bagi f ib r e s  e x h ib i t  "c reep "  a f t e r  th e  com pletion  of 
s tr e tc h  (Boyd and Ward, 1969). This appears to  be due to  "give" in  
th e  region of th e  f ib r e  beyond th e  end of the  f lu id  space so th a t  i t  
creeps towards the  sp in d le  equator, p as t the  o ther in tra fu s a l  f ib re s ,  
w ith in  th e  f lu id  space (Boyd and Ward, 1969). Thus the extension of 
th e  p rim ary  sen so ry  s p i r a l s  around th e  f ib r e  when th e  creep  i s  
complete i s  le s s  than i t  was a t  th e  completion of the  ramp s tr e tc h ,  
as i s  th e  primary a f fe re n t d ischarge (Boyd, Gladden and Ward; 1977). 
The te rm  "slow  d ecay "  i s  a p p l ie d  to  t h a t  f a l l  in  th e  p rim ary  
d ischarge due to  th e  creep phenomenon. The nuclear chain f ib re s  do 
no t show any creep.
Two f u r th e r  f e a tu re s  of th e  response  of th e  prim ary  ending 
a t t r a c t  some a tte n t io n . The f i r s t  i s  the  " in i t i a l  b u rs t"  of impulses 
a t  th e  s t a r t  of th e  s t r e t c h ,  which in c re a se s  w ith  v e lo c i ty  Boyd 
(1985). Brown, Goodwin and Matthews (1969) working on so leus muscle 
of b a r b i tu r a te - a n a e s th e t iz e d  c a ts  w ith  cu t v e n tra l ro o ts  suggested 
th a t  th e  occurrence of an i n i t i a l  b u rs t in  th e i r  experiments may be 
a t t r i b u t e d  to  an i n i t i a l  o v e rex ten sio n  of central region of th e  
i n t r a f u s a l  f i b r e s  r e l a t i v e  to  t h e i r  p o la r  r e g io n s  w hich a r e  
r e l a t i v e l y  m ore  r i g i d  a t  t h e  b e g in n in g  o f  t h e  s t r e t c h .  
H is to lo g ic a lly , c e n tra l regions of the  in tra fu s a l  f ib re s  con tain  very 
few myofilaments and a re  a lso  devoid of motor nerve endings. Hunt
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and Ottoson (1976) showed th a t  th e re  i s  a d e f le c tio n  in  the  generator 
p o te n t ia l  a t  th e  beg inn ing  of a ramp s t r e t c h ,  in d ic a t in g  th a t  th e  
i n i t i a l  b u r s t  i s  m echan ical. C e l lu la r ly  d u rin g  th e  s t r e t c h ,  th e  
bonds break between th e  a c t in  and myosin filam ents which slackens the  
in t r a f u s a l  f ib r e s .  T his " y ie ld "  c o n tr ib u te s  to  th e  sudden drop of 
s e n s i t iv i ty ,  which corresponds to  th e  sudden drop in  primary a ffe re n t 
d ischarge follow ing th e  " i n i t i a l  b u rs t"  to  the  beginning phase of the 
s tr e tc h .  Therefore, because of th is  phenomenon and th a t  of the  creep, 
during a ramp-and-hold s t r e tc h  th e  frequency of f i r in g  f a l l s  in  two 
phases: the  f i r s t  being very f a s t  and the  second being approximately 
exponential w ith  a tim e constan t of about 0 .5  msec, the  l a t t e r  due to  
creep (Crowe and Matthews, 1964).
The second, and unique fe a tu re  of a primary sensory ending i s  
th a t  i t s  response i s  very n o n -lin ea r: th e  ending may be one-hundred 
fo ld  more s e n s it iv e  to  small s tre tc h e s  than  to  la rg e  ones (Matthews, 
and S te in , 1968), which they suggested " in d ic a te s  th a t the  s tr e tc h  
r e f le x  shou ld  be r e l a t i v e ly  much more e f f e c t iv e  in  r e s is t in g  small 
p e r tu rb a t io n s  of th e  m uscle le n g th  th an  could  o th erw ise  have been 
supposed". This i s  th o u g h t to  be r e la te d  to  th e  ro le  of prim ary 
a f f e r e n t s  in  th e  r e f l e x  m a in te n a n c e  of p o s tu r e .  A c c o rd in g ly , 
Matthews and S te in  (1968) proposed th a t  the  primary endings do seem 
lik e ly  to  p lay  an im portant p a r t  in  re f le x ly  s ta b i l iz in g  th e  length  
of a muscle a t  a constan t value , p a r t ic u la r ly  in  ad ju stin g  fo r  small 
d is tu rb a n ce s .
10
E ffe c t  of fu sim o to r s t im u la t io n  on in t r a f u s a l  f ib r e s  and a f f e r e n t
d ischarges
A ll th re e  ty p es  of f ib r e  respond to  r e p e t i t i v e  a c tiv a tio n  of 
th e i r  fusim otor axons w ith  g raded  c o n tra c t io n  in  th e  e x tra c a p su la r  
re g io n  so th a t  th e  c e n tra l  sen so ry  re g io n  i s  s tr e tc h e d  and i t s  
endings a re  deformed. The behavior i s  not the  same in  a l l  th re e , and 
th e  d iffe re n c e s  a re  well s e t  out by Boyd (1985).
S e le c t iv e  a c t i v a t i o n  of fu s im o to r  n eu ro n es  su p p ly in g  th e  
dynam ic bagi f i b r e  in c r e a s e s  th e  fre q u e n c y  o f l a  a f f e r e n t s ,  
r e la t iv e ly  l i t t l e  a t  constan t muscle leng th , and has almost no e f fe c t  
on secondary endings. However, s e le c t iv e  a c tiv a tio n  of a s t a t i c  bag2 
f ib r e  in c re a se s  prim ary  d isc h a rg e  u s u a lly  s u b s ta n t i a l ly ,  bu t th e  
secondary d ischarge w ill only be in fluenced  i f  th e  secondary sensory 
ending has term inals on the  Sb2 f ib r e ,  as i s  the  case a lso  w ith the  
Dbi f ib r e .  During to n ic  c o n tr a c t io n  of th e  Sb2 f ib r e  th e  peak 
f r e q u e n c y  o f th e  p r im a ry  a f f e r e n t  d i s c h a r g e  i s  fo llo w e d  by 
"p ronounced  a d a p ta t io n "  w hich seems to  a r i s e  w ith in  th e  s p i r a l  
t ra n sd u c e r  mechanism i t s e l f .  T his very  obvious type  of re c e p to r  
a d a p ta tio n  i s  much le s s  ev id e n t in  th e  prim ary ending d isc h a rg e  
during dynamic bagi f ib re  a c tiv a tio n . The r e s u l t  of th e» r  
o s c il la to ry  co n trac tio n s  chain f ib re s  can d riv e  primary a f fe re n ts .  
A l in e a r ly  in creasin g  s tim u la tio n  frequency (0-150 Hz) may d riv e  the  
prim ary  from 1:1  to  1 :4 , depending upon th e  s p e c i f ic  gamma axon 
s tim u la te d  and on m uscle le n g th . Secondary en d in g s, on th e  o th e r  
hand, a re  always pow erfully ex c ited  by chain f ib re s  in  th e  same pole 
as the  ending, and le s s  pow erfully i f  the  secondary ending l ie s  in  
the  o th er pole of th e  c o n trac tin g  chain f ib r e .  Pronounced recep to r 
adap ta tio n  i s  a lso  ev iden t.
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In  sh o rt, th e  p r in c ip a l a c tio n  of th e  dynamic bagi f ib re  i s  to  
in crease  the  leng th  s e n s i t iv i ty  of the  primary sensory ending during 
the  movement; th e  s t a t i c  bag2 f ib r e  in creases  the  d ischarge of the 
prim ary  senso ry  ending a t  any p a r t i c u la r  le n g th  of th e  m uscle, 
w ith o u t in c re a s in g  i t s  s e n s i t i v i t y  to  e i t h e r  th e  am plitude o r th e  
v e lo c i ty  of any change in  le n g th ; ch a in  f ib r e s  can in c re a se  th e  
s e n s i t iv i ty  of secondary a f fe re n ts  to  leng th  change and can d riv e  the 
primary a f fe re n ts . I t  seems, then , th a t  th e  cen tra l nervous system 
has a t  i t s  d i s p o s a l  th r e e  d i s t i n c t  i n t r a f u s a l  sy s tem s. The 
p o s s ib i l i ty  e x is ts ,  th e r e fo r e ,  th a t  th e  c e n tra l  nervous system  can 
n o t only  c o n tro l th e  dynamic in t r a f u s a l  system  by way of dynamic 
fusim otor neurones independently of th e  s t a t i c  in tra fu s a l  system, but 
a ls o  th a t  i t  can c o n tro l each of th e  s t a t i c  system s more or le s s  
in d ep en d en tly , p o s s ib ly  by way of two ty p es  of s t a t i c  fu sim otor 
neurone w ith  m o rp h o lo g ica lly  d i f f e r e n t  in t r a f u s a l  m otor te rm in a ls  
(A rbuthnott e t  a l . ,  1982; Boyd, 1985).
P ro jec tio n  of Muscle A fferen ts  to  th e  Sensorimotor Cortex in  Cats
In the  1940 's, w ith th e  refinem ent of recording techniques, the  
d e te c tio n  of a p o te n tia l wave on th e  c o r t ic a l  su rface  in  response to  
a p e r ip h e ra l  s tim u lu s  became th e  s ta n d a rd  way of showing th a t  an 
a f f e r e n t  in p u t p ro je c te d  to  th e  c e re b ra l  c o r te x  by a reaso n ab ly  
d i r e c t  pathway. S t im u la t io n  o f h ig h - th r e s h o ld  m uscle  a f f e r e n t s  
(apparen tly  group I I I )  e l i c i t e d  evoked p o te n tia ls  in  both SI and SI I 
of th e  c o n t r a la te r a l  c o r te x ; however no p o te n t ia l  was reco rded  on 
s tre tc h in g  th e  muscle or s tim u la tin g  th e  muscle nerves of both fo re - 
and h in d -lim b s a t  lower s t r e n g th ,  which a c t iv a te d  group I or I I  
muscle a f fe re n ts  (M ountcastle, Covian and H arrison, 1952). However,
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Gardner and Haddad (1953) found th a t  group II  muscle a f fe re n ts  of the 
hind limb of the  c a t p ro je c t to  the  sensorim otor cortex  as well as 
group I I I .  These n e g a tiv e  f in d in g s  fo r  group I were su b seq u en tly  
confirm ed by M cIntyre (1953, 1962) w ith  re sp e c t  to  lo w -th re sh o ld  
muscle a f fe re n ts  (group I of Lloyd, 1943) in  hind limb muscle nerves. 
I t  was th en  concluded from p rev io u s  s tu d ie s ,  based on h ind  limb 
m uscles of c a t s ,  th a t  e i th e r  group I I I  (M oun tcastle , Covian and 
H arrison , 1952) or group II  and I I I  muscle a f fe re n ts  (McIntyre, 
1953; Gardner and Haddad, 1953) p ro jec ted  to  cerebra l co rtex , but not 
group I .
On th e  o th er hand re s u l ts  obtained on s tim u la tio n  of forelim b 
m uscle n erv es  have been c o n tra d ic to ry . In  s p i t e  of th e  n e g a tiv e  
f in d in g  of M o u n tcastle , Covian and H arriso n  (1952), Amassian and 
B erlin  in  two b r ie f  no tes (1958a, 1958b) reported  th a t  s tim u la tio n  of 
th e se  a f f e r e n ts  in  c o n t r a la te r a l  fo re lim b  f le x o r  nerves of the  ca t 
evoked su rfa c e -p o s itiv e  p o te n tia ls  in  the f i r s t  somatic area a f te r  a 
la tency  of 6-8 msec. They concluded th a t  the  c o r t ic a l  p ro je c tio n  of 
g roup  I a f f e r e n t s  was r e l a t e d  to  s lo w ly -a d a p tin g  r e c e p to r s  in  
m uscles, as th e  p o te n tia l  was reduced during a steady p u ll app lied  to  
th e  corresponding m uscle. Woolsey and h is  c o lle a g u e s  (1947) showed 
th a t  th e  p o te n tia ls  evoked from group I a f fe re n ts  occurred only in  
ro s t r a l  p a r t  of the  SI reg ion , la rg e ly  r o s t r a l ly  of the  p o s t-c ru c ia te  
dimple; and those from cutaneous and high th resh o ld  muscle a f fe re n t 
of th e  fo re lim b  were d e te c te d  in  two s e p a ra te  p a r ts  of S I, one 
r o s t r a l  to  th e  d im p le  (R -S I) and one cau d a l (C -S I) .  C o r t ic a l  
p r o je c t io n  of th e  group I m uscle a f f e r e n ts  of th e  fo re lim b  to  th e  
r o s t r a l  p a r t  of th e  SI was l a t e r  confirm ed by O scarsson  and Rosen
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(1963) who repo rted  th a t  c o r tic a l  responses can be obtained in  the  
c a t by e le c t r ic a l  and physio log ical a c tiv a tio n  of a f fe re n ts  from the  
s t r e tc h  recep to rs  of the  c o n tra la te ra l forelim b only.
By th e  y ear 1969 i t  was w ell e s ta b lis h e d  th a t  lo w -th re sh o ld  
muscle a f fe re n ts  from the  c o n tra la te ra l forelim b p ro je c t to  the  c a t 's  
c e re b ra l  c o r te x  (Amassian and B e r lin , 1958; O scarsson and Rosen, 
1963; Oscarsson, Rosen and Sulg, 1966; Swett and Bourassa, 1967 and 
Landgren, S ilfv en iu s  and Wolsk, 1967).
S everal in v e s t ig a to r s  had looked in  v a in  fo r  th e  eq u iv a le n t 
h in d  lim b p ro je c t io n s  (M cIntyre, 1962; O scarsson and Rosen, 1963; 
M egirian  and T ro th , 1964) and th u s  concluded th a t  group I m uscle 
a f f e r e n ts  from th e  h ind  limb do no t p ro je c t  to  th e  som atosensory 
co rtex  of th e  c a t .  N orrsell and Wolpow (1966) d id , in  f a c t ,  observe 
c o r t i c a l  p o te n t ia l s  evoked by e l e c t r i c a l  s tim u la tio n  of the  muscle 
a f f e r e n ts  in  th e  group I range . The p o te n t ia l s  w ere, however, no t 
found in  a l l  experim ents, and i t  was assumed th a t  they were not due 
to  s t r e t c h  re c e p to rs  in  th e  m uscles. A c o n fid en t o b se rv a tio n  of a 
c o r t i c a l  response  to  s t im u la t io n  of lo w -th re sh o ld  a f f e r e n ts  from 
gastrocnem ius muscle was, however, reported  by Landgren, S ilfv en iu s  
and  W olsk (1 9 6 7 ) .  The r e s p o n s e  was l o c a t e d  in  t h e  a n t e r i o r  
sup rasy lv ian  su lcus c lo se  to  th e  forelim b group I reg ion , and a l a te r  
in v e s tig a tio n  (S ilfv en iu s , 1970) on s in g le  c o r t ic a l  neurones in  th is  
area  confirmed the  observation .
F u rther p e rs is te n t  study by Landgren and S ilfv en iu s  (1969) duly 
dem onstra ted  a h ind  limb p r o je c t io n  on s t im u la t in g  s e v e ra l of th e  
s ta n d a rd  n erv es  in  th e  chi o ra lo s e -a n a e s th e tiz e d  c a ts  (nerves to  
quadriceps, p o s te r io r  b iceps-sem itendinosus, gastrocnem ius-soleus and 
deep peroneal n e rv e ) . They showed th a t  e l e c t r i c a l  s t im u la t io n  of
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group  I a f f e r e n t s  from  c o n t r a l a t e r a l  h in d  lim b m u sc les  evoked 
responses in  two sep ara te  a reas . One of the  areas was located  on the  
dorsal su rface  of th e  hemisphere and the  o ther on the  medial su rface . 
The do rsa l locus was found medial and ro s tra l  to  the  p o s t-c ru c ia te  
dim ple (P c d ) . The d iam eter of t h i s  a rea  was 1-4 rrm and th e  p o in t 
where th e  am plitude of th e  evoked group I p o te n tia ls  was maximal (th e  
maximal p o in t) was loca ted  4-5 irm la te r a l  to  the  m idline and 1-3 nm 
caudal to  th e  c r u c ia te  s u lc u s . I t  i s  w orth n o tin g  th a t  th e  d o rsa l 
group I locus overlapped  w ith  th e  m edial b o rder of th e  p ro je c t io n  
area  of group I muscle a f fe re n t from the c o n tra la te ra l forelim b. The 
d is tan ce  between th e  maximum p o in ts  in  the  two areas was of the  order 
of 4 rrm.
The medial group I locus was s itu a te d  near th e  c ru c ia te  su lcus 
on th e  m edial a sp e c t of th e  postsigm oid  g y ru s. In some anim als a 
fr in g e  of th e  area  extended on to  th e  dorsal aspect of the  gyrus near 
th e  m id lin e . The evoked p o te n t ia l s  in  t h i s  reg io n  were i n i t i a l l y  
p o s i t iv e  p o te n t ia l s  when reco rd ed  from th e  s u rfa c e  of th e  c o r te x . 
They changed in to  negative  focal p o te n tia ls  about 0 .5  rrm below the  
su rface . The negative  p o te n tia ls  were maximal in  am plitude a t  depth 
between 1 and 1.5 mm.
The p o s tc ru c ia te  p ro je c tio n  area  of the  group I a f fe re n ts  from 
th e  forelim b as well as the  two hind limb areas a re  located  a t  the 
b o rd e r of 4y, th e  c o r te x  c o n ta in in g  th e  g ia n t  pyram idal c e l l s  of 
Betz. This area  was o u tlin ed  by H assler and Muhs-Clement (1964). I t  
covers th e  p e r ic ru c ia te  co rtex  on both s id es  of th e  la te r a l  h a lf  of 
the  c ru c ia te  su lcu s . The group I lo c i are  found in  area 3a w ith some 
overlap  in to  area  4y in  th e  ro s tr a l  and in to  area  3b in  the  caudal 
d ire c tio n .
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The use of c o n tro lled  s t r e tc h  s tim u li s tro n g ly  suggested th a t  
a c t iv i ty  from muscle sp in d le  p rim aries i s  capable of modulating motor 
co rtex  c e l ls  (Murphy, Wong and Kwan, 1975). In te re s tin g ly , th e re  i s  
e le c tro p h y s io lo g ic a l  ev idence fo r  a d i r e c t  l in k  from area  3a ( ju s t  
r o s t r a l  to  th e  Pcd in  th e  postsigm oid  gyrus) to  a re a  4 in  c a ts  
(Z arzecki, Shinoda and Asanuma, 1978), and th is  connection appears to  
be by way of " s p e c i f ic "  U f ib r e s ,  s o -c a l le d  s h o r t  a rc u a te  f ib r e s  
(G rant, Landgren and S ilfv e n iu s , 1975).
The Ascending Path of th e  Group I Muscle A fferen ts from the  Forelimb
In  1963, O scarsson  and Rosen showed th a t  c o r t ic a l  p o te n tia ls  
evoked by a v o lle y  in  group I a f f e r e n t  from ex ten so rs  d isap p ea red  
com pletely a f te r  a le s io n  in  th e  dorsal fu n ic u li and d id  not decrease 
in  e x p e r im e n ts  i n  w hich th e  s p in a l  co rd  a t  th e  C3 le v e l  was 
tr a n s e c te d ,  sp a rin g  on ly  th e  d o rsa l f u n ic u l i .  T h e re fo re , i t  seems 
th a t  th e  fo re lim b  p rim ary  a f f e r e n t  c o l l a t e r a l s  ascend th rough  th e  
dorsal fu n ic u li .  The second-order neurones of the pathway occur in  
th e  v en tra l p a r t  of th e  cuneate nucleus and a re  exc ited  by a f fe re n ts  
from a few forelim b muscles (Rosen, 1969a and 1969b). Following these  
experim ents Rosen and Asanuma (1973) re p o rte d  th a t  h a l f  of th e  
p r o p r io c e p t iv e  n e u ro n es  re c o rd e d  in  t h i s  re g io n  w ere e x c i te d  
an tid ro m ically  from th e  c o n tra la te ra l  medial lemniscus.
The th ird -o rd e r  neurones a re  located  in  a narrow zone of th e  
ventrobasal thalam ic complex (M alla rt, 1964). Andersson, Landgren and 
Wolsk (1966) reported  th a t  s tim u la tio n  of group I muscle a ffe re n ts  in  
c o n t r a l a t e r a l  fo re l im b  n e rv e s  in  b a rb i tu r a te - a n a e s th e t iz e d  c a ts  
evoked a response in  th e  nucleus v e n tra l is  p o s te ro la te ra l is  (VPL) in
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th e  thalam us of th e  c a t .  This response  was lo c a te d  in  th e  r o s t r a l  
th i rd  of th e  VPL in  a narrow zone near the  dorsomedial border of the 
nucleus.
In a s e r i e s  of re c o rd in g s  from t h i r t y  c e l l s  in  th e  thalam us 
a c tiv a te d  by group I a f fe re n ts ,  convergence of e x c ita tio n  was u sually  
observed from group I a f fe re n ts  in  more than one of th e  branches of 
th e  deep r a d i a l  n e rv e  (A n d ersso n , L andgren and W olsk, 1 966). 
E x c ita tio n  from cutaneous a f fe re n ts  was a lso  observed in  about h a lf  
of these  c e l l s .  A m icro -e lec trode  study of the  p ro je c tio n  area  (R-SI) 
demonstrated th a t  many of th ese  neurones were ac tiv a te d  by a ffe re n ts  
not only from sy n e rg is ts , an tag o n is ts  and muscles ac tin g  a t  d if fe re n t  
jo in ts ,  but a lso  from cutaneous a f fe re n ts  as well (Oscarsson, Rosen 
and Sulg, 1966). A s im ila r  p a tte rn  of convergence was encountered by 
Landgren, S ilfv e n iu s  and Wolsk (1967). Thus w ith  a sc e n t of th e  
ce n tra l sensory pathway th e re  appears to  be a p rogressive  convergence 
of inpu ts  from d if f e re n t  m o d a litie s .
I t  was s u g g e s te d  t h a t  i n t e g r a t i o n  o f in f o r m a t io n  from  
s y n e rg is tic  muscles occurs a t  th e  thalam ic leve l and th a t  in te g ra tio n  
of inform ation from muscle groups of more u n re la ted  function  occurs 
a t  th e  c o r t ic a l  level (Rosen, 1969b).
The Ascending Path of th e  Group I Muscle A fferen ts from th e  Hind Limb
Lloyd and M cIntyre (1950) and McIntyre (1962) have shown th a t  
lo w -th re sh o ld  m uscle a f f e r e n t s  from th e  h ind  limb en te r  th e  dorsal 
column but do not reach ce rv ica l le v e l. This was in  fu l l  agreement 
w ith  Landgren and S i l f v e n iu s  (1969) f in d in g  t h a t  th e  c o r t i c a l  
p o te n tia ls  evoked by group I a f f e r e n t s  from th e  c o n t r a la te r a l  h ind  
limb were not a ffe c te d  by tra n se c tio n  of th e  dorsal column a t  high
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c e rv ic a l  le v e ls .  I t  i s  in t e r e s t in g  to  n o te  th a t  th e  group I p a th s  
from th e  fo re lim b  and from th e  h ind  limb d i f f e r  in  t h e i r  sp in a l 
co u rse . Landgren and S ilfv e n iu s  (1969) re p o rte d  th a t  th e  evoked 
responses disappeared a f te r  a s u p e rf ic ia l  se c tio n  in  th e  d o rso la te ra l 
fa s c ic le  a t  Cl le v e l. The hind limb path , th e re fo re , c lo se ly  agrees 
w ith th e  lo ca tio n  of th e  dorsal sp in o ce reb e lla r  t r a c t  (DSCT). There 
a re  thus two a l te r n a t iv e  p o s s i b i l i t i e s :  1) th e  sp in a l component of 
th e  pa th  comprises th e  DSCT neurones of the C larke’s column, and 2) 
th e  p a th  u t i l i z e s  o th e r  neurones w ith  ascending  axons t r a v e l l in g  
to g e th e r w ith th e  DSCT.
Lundberg and Winsbury (1960) have in  fa c t  shown th a t  group Ia , 
lb and I I  muscle a f fe re n ts  e x c ite  th e  c e l ls  in  C la rk e 's  column, which 
i s  com patib le  w ith  th e  f i r s t  a l t e r n a t iv e .  I f  DSCT c o l l a t e r a l s  a re  
involved they must be given o ff  below the c e re b e lla r  n u c le i, because 
removal of cerebellum  d id  not change th e  c o r tic a l  group I response 
(Landgren and S i l fv e n iu s ,  1969). One should  b ear in  mind th a t  th e  
d o r s o la te r a l  f a s c ic le  in c lu d e s  se v e ra l ascending  p a th s  which a re  
independent of the  DSCT.
Landgren and S ilfv e n iu s  (1969) went on f u r th e r  to  c la im  th a t  
th e  group lb  path  was la rg e ly  independent of the  la  path , because a 
maximal group I v o lley  evoked a response when th e  la  path  was made 
re fra c to ry  by sim ultaneous s tim u la tio n  w ith a maximal la  vo lley  a t  20 
per second.
For hind limb group I muscle a f fe re n ts ,  the  m edullary re lay  in  
th e  p ro je c tio n  path  to  th e  cereb ra l cortex  was located  by Landgren 
and S ilfv en iu s  (1971) in  th e  subnucleus Z ju s t  ro s tr a l  to  th e  g ra c ile  
nucleus and c lose  to  th e  dorsal su rface  of th e  medulla.
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M a lla r t  (1968) w orking  on c h lo r a lo s e - a n a e s th e t i z e d  c a t s  
re p o r te d  th a t  no responses were evoked in  th e  VPL o r CM (c e n tra l  
m edian) n u c le i of th e  thalam us by s tim u la t in g  h ind  limb m uscle 
nerves, e sp e c ia lly  th a t  of medial gastrocnem ius. [ I t  i s  worth noting 
t h a t  H u n t (1 9 5 1 )  by d e t a i l e d  a n a l y s i s  o f  a f f e r e n t  f i b r e  
d iam eter-recep to r r e la t io n  c le a r ly  dem onstrated th a t  a l l  of group I 
and I I  muscle f ib re s  of th e  medial gastrocnem ius nerve a re  connected 
to  muscle s t r e tc h  recep to rs , ru lin g  out th e  p o ssib le  co n trib u tio n  by 
a f fe re n ts  from recep to rs  in  th e  connective t is s u e  around the  m uscle]. 
However, G rant, Boivie and S ilfv en iu s  (1973) convincingly showed th a t  
axons of n u c leu s  Z ascend th ro u g h  th e  m idb ra in  and te rm in a te  in  a 
r e s t r ic te d  area  of th e  VPL and of th e  VL (v e n tro la te ra l is )  n u c le i of 
thalam us.
The ex terna l cuneate nucleus (ECN) neurones a lso  rece ive  group 
I in p u t, but th ese  neurones a re  known to  p ro je c t to  th e  cerebellum . 
There i s  no evidence in  th e  c a t th a t  any ECN neurones p ro je c t to  the  
thalam us.
Do muscle a f fe re n ts  m ediate a p o s itio n  sense?
The b e l i e f  t h a t  m u s c le  a f f e r e n t s  h a v e  no a c c e s s  t o  
c o n s c io u s n e s s  i n  man was b a s e d  on th e  f i n d i n g s  o f  s e v e r a l  
in v e s tig a to rs  (B rindley and Merton, 1960; Browne, Lee and Ring 1954; 
Gelfan and C arte r, 1967; Merton, 1964; P rovins, 1958). According to  
th is  work, mostly done in  1960 's , a muscle could be s tre tc h e d  over 
th e  whole of i t s  p h y s io lo g ic a l range w ith o u t p roducing  any c le a r  
k in e s th e t ic  s e n sa tio n  o r any m uscle sen se  in  man. A lthough th e  
sp in d le  endings re lay  s ig n a ls  concerning th e  instan taneous value of 
th e  leng th  of th e  paren t muscle th e  s ig n a l from th e  primary endings
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appears almost unusable fo r  th is  purpose because i t  a lso  depends upon 
so many o th er fa c to rs . I t  i s  n o n -lin ea r w ith regard to  the  amplitude 
of th e  movements, i t  i s  dependent on the  v e lo c ity  and d ire c tio n  of 
movement and i t  i s  in f lu e n c e d  by two s e p a ra te  k inds of fu sim o to r 
con tro l system. The secondary ending, however, gives a much sim pler 
s ig n a l and one which i s  f a i r ly  d ire c t ly  re la te d  to  the  length  of the 
muscle, and which i s  r e la t iv e ly  unaffected  by movement. Moreover, i t  
i s  in fluenced  by only a s in g le  type of fusim otor f ib re .  In s p i te  of 
th e  f a c t  th a t  i t  cou ld  be f a i r l y  easy to  work ou t th e  le n g th  of 
various muscles on th e  b a s is  of th e i r  sp ind le  group II  d ischarges and 
th e  knowledge of the  amount of s t a t i c  fusim otor f i r in g  d ire c te d  to  
each one of them, th e re  i s  no evidence of the  presence of a mechanism 
which might be equipped fo r  th is  p a r t ic u la r  purpose.
These v a r io u s  experim en ts suggested  th a t  m uscle a ffe re n ts  on 
th e i r  own a re  unable to  m ediate p o s itio n  sense, and second th a t  jo in t  
a f fe re n ts  a re  so le ly  re sp o n sib le . Of course, a p o ssib le  co n trib u tio n  
by cutaneous a f fe re n ts  i s  no t ru led  out.
However, i t  i s  now known t h a t  s p in d le s  do c o n t r ib u te  to  
k in e s th e s ia  because s e le c t iv e  e x c ita tio n  of primary sensory endings 
by v ib ra tio n  u su a lly  r e s u l ts  in  a la rge  e r ro r  (up to  40 degrees) in  
m atching th e  p o s i t io n  of th e  v ib ra te d  arm to  th e  o th e r  arm in  a 
b lin d fo ld  su b jec t (Goodwin, McCloskey and Matthews 1972). As was 
mentioned e a r l i e r ,  th e  secondary endings by v ir tu e  of th e  re g u la r i ty  
of t h e i r  d isc h a rg e  and m o d if ic a tio n  by a s in g le  form of fu sim o to r 
outflow , provide a much b e t te r  leng th  signal than th e  primary ending. 
Furtherm ore , th e  le n g th  s e n s i t i v i t y  of th e  secondary ending under 
s t a t i c  c o n d itio n s  i s  o f te n  m arkedly in c re a se d  by a c tiv a tio n  of the  
chain f ib re s  a t  th e  sp in d le  pole contain ing  the ending, whereas the
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leng th  s e n s i t iv i ty  of the  primary ending under s t a t i c  conditions can 
be a b o lish e d  by d r iv in g  caused by ch a in  f ib r e  c o n tra c t io n . [The 
dynamic bagi f ib r e  in c re a se s  th e  le n g th  s e n s i t i v i t y  of the  primary 
ending g re a tly  but only under dynamic co n d itio n ]. Thus an ex ce llen t 
s ig n a l of th e  muscle leng th  i s  provided in  group I I  a f fe re n ts  during 
s t a t i c  fusim otor d riv e  to  the  chain f ib re s .  To ob ta in  an abso lu te  
measure of muscle leng th  the  b ra in  req u ires  to  c a l ib ra te  the  length  
s ig n a l fo r  which i t  needs a measure of th e  s ta te  of a c t iv i ty  of the  
c h a in  f ib r e s .  This c a l ib r a t io n  s ig n a l i s  e x a c tly  th e  in fo rm atio n  
provided by th e  primary ending when driven  by a c tiv e  chain f ib re s ,  
f o r  a t  fu s im o to r  f r e q u e n c ie s  up to  a t  l e a s t  50 Hz th e  le n g th  
s e n s i t i v i t y  o f th e  p rim a ry  en d in g  i s  a b o l is h e d  so  t h a t  th e  la  
a f fe re n t co n tin u a lly  m onitors th e  aggregate s t a t i c  fusim otor outflow 
to  th e  chain f ib re s  (Boyd, 1985). I t  i s  perhaps s ig n if ic a n t  th a t  the 
s t a t i c  leng th  s e n s i t iv i ty  of secondary endings i s  o fte n  a t  a maximum 
during a c tiv a tio n  of chain f ib re s  a t  50 Hz, because the  physio logical 
frequency of gamma a c tiv a tio n  i s  lower than 50 Hz.
Thus th e  chain f ib r e  in tra fu s a l  system i s  well su ite d  to  play a 
ro le  in  k in e s th e s ia . There i s  as yet no evidence th a t  i t  i s  used in  
t h i s  way, b u t th e  i l l u s t r a t i o n  se rv e s  to  em phasize t h a t  th e  b ra in  
can , and no doubt does, use  th e  in t r a f u s a l  system s s e p a r a te ly , or 
to g e th e r , in  many d if f e re n t  ways (Boyd, 1985).
O bservations a t  th e  time of ea rly  s tu d ie s  on fusim otor 
a c t iv i ty  (1950’s )  gave b i r th  to  the  in tro d u c tio n  of the  ’’follow-up 
leng th  servo" hypothesis and th e  concept of "alpha-gamma linkage". 
S ince i t  sug g ested  th a t  m otor a c t i v i t i e s ,  in c lu d in g  m otor ta sk s  
involv ing  the  co rtex , might be in i t i a te d  v ia  th e  gamma loop, i t  i s  
p re fe rre d  to  d iscuss them c r i t i c a l l y  and b r ie f ly .
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The "follow-Up Length Servo” Hypothesis
Hunt (1951), G ranit and Kaada (1952) and Merton (1953) reported  
in c re a se d  fu sim o to r a c t i v i t y  p reced in g  th a t  of a lpha-mot oneur ones. 
Experim ents on r e f le x ly  e l i c i t e d  movements (E ld red  and H agbarth , 
1954) and on s tim u la tio n  of various cen tra l nervous system s tru c tu re s  
(E ld e r , G ra n it and M erton, 1953) c le a r ly  dem onstra ted  th a t  alm ost 
in v a r ia b ly ,  fu sim o to r neurones p o ssess  lower th re sh o ld s  than alpha 
motoneurones. These find ings along w ith  th e  suggestion  of K uffler 
and Hunt (1952) on an im portant function  of the  fusim otor neurones in  
m ain tain ing  a steady a f fe re n t d ischarge from th e  sp in d les  in  s p i te  of 
shorten ing  of the  p aren t muscle, led  Merton (1953) to  put forward the 
hypothesis th a t  th e  job of th e  ganma motor f ib re s  was to  supply the 
command s ig n a l in  a " fo llo w -u p  le n g th  se rv o "  c o n tr o l l in g  m uscular 
co n trac tio n . This hypothesis s ta te d  th a t  some f a s t  urgent movements 
could be produced by impulses from higher cen tres  impinging s tr a ig h t  
on to  th e  la rg e  alpha motoneurones, where as slow ord inary  movements 
c o u ld  be  commanded from  s u p r a s p i n a l  s t r u c t u r e s  by i n i t i a l l y  
in c re a s in g  fu sim o to r a c t i v i t y .  Then th e  fu sim o to r a c t i v i t y  causes 
c o n tr a c t io n  of th e  in t r a f u s a l  f ib r e s  in  th e  m uscle s p in d le .  The 
co n trac tio n  s tre tc h e s  th e  primary sensory s p ir a ls  in  th e  sp in d le  w ith 
a r e s u l t a n t  in c r e a s e  in  d is c h a rg e  of th e  g roup  l a  f i b r e .  The 
im pulses of th e  group la  f ib r e  in  tu rn  produce m onosynaptic, and 
p ro b ab ly  p o ly sy n a p tic  e x c i ta t io n  of i t s  own and s y n e r g is t ic  a lpha  
m o to n eu ro n e s . F i n a l l y ,  th e  a lp h a  m otoneurones c a l l  f o r t h  th e  
e x tr a fu s a l  m uscular c o n tra c t io n  and a new e q u ilib r iu m  of a f f e r e n t  
d isc h a rg e  and e x tr a fu s a l  m uscle le n g th  w il l  be reached  . In  t h i s  
system , th e r e fo r e ,  th e  fu sim o to r d isc h a rg e  may be looked upon as 
s ig n a lin g  th e  demanded leng th  of th e  muscle which i s  then produced
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over th e  m onosynaptic a rc .  The r e f le x  was in te r p r e te d  as a servo  
loop: m uscle le n g th  to  be th e  c o n tro lle d  v a r ia b le ,  w ith  m uscle 
s p in d le s  a c t in g  as  m is -a lig n m e n t d e t e c to r s  and t h e i r  feed  back 
n e g a tiv e .
However, as o b je c tio n s  in c re a se d , th e  fo llow -up  le n g th  servo  
became le s s  popular. No one was ab le  to  show th a t  the  gain  of the  
gamma lo o p  was s u f f i c i e n t  to  d r iv e  re a so n a b ly  s tr o n g  m uscle  
c o n tra c t io n . Loop g a in  was though t to  be l im ite d  by problems of 
s t a b i l i t y  g iven  th e  r e l a t iv e ly  long loop d e la y . Some experim ents 
ag a in s t th e  hypothesis were c a rr ie d  out on jaw movements by Taylor 
and Davey (1968) w ith l ig h t ly  an aesth e tized  c a ts  and by Taylor and 
Cody (1974) on fu lly  conscious c a ts ,  who recorded sp in d le  a c t iv i ty  of 
th e  jaw c lo s in g  m uscles and found th a t  s p in d le  d isc h a rg e  d id  no t 
a c c e le r a te  d u rin g  a c t iv e  sh o rte n in g  as  re q u ire d  by th e  fo llow -up  
leng th  servo hypothesis. In stead , i t  always decreased. S im ilarly , 
V allbo  (1973) in  m ic ro -n eu ro g rap h ic  rec o rd in g s  from human m uscle 
sp in d le  a f fe re n ts  in  awake human su b jec ts  f a i le d  to  observe a c t iv i ty  
leading electrom yographic (EMG) a c t iv i ty .
The co n sequence  o f th e s e  o b s e rv a t io n s  was a d e c l in e  in  
p o p u la rity  and a lso  the  replacement of th e  hypothesis w ith the  no tion  
o f " s e rv o  a s s i s t a n c e "  o f movement in t ro d u c e d  by M atthew s in  
co llab o ra tio n  w ith S te in  (Matthews, 1972; S te in , 1974) in  which the 
movements were seen to  be in i t i a t e d  not purely  by way of th e  gamma 
ro u te  b u t by in p u ts  to  b o th  gamma and m ainly a lp h a  m otoneurones. 
Consequently, th e re  was no need fo r  th e  gain  of th e  servo loop to  be 
so h igh , but th e  advantage of servo con tro l could be re ta in ed .
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Although th e  ’’fo llow -up  le n g th  se rv o ” h y p o th e s is  d id  n o t g e t 
much support subsequently , i t  s tim u la ted  considerab le  in te r e s t  in  the  
ce n tra l con tro l of gamma motoneurones.
Alpha-Ganma Linkage or C oactivation?
The concept of "alpha-gamma linkage” was in troduced by G ranit 
(1955) from observations made in  e a r ly  s tu d ie s  of fusim otor a c t iv i ty  
even b e fo re  th e  re c o g n itio n  of d i f f e r e n t  fu sim o to r ty p e s . In  t h i s  
concep t fu sim o to r a c t i v i t y  was though t to  p a r a l l e l  th a t  of a lpha 
motoneurones, thus ensuring th a t  a ffe ren t, a c t iv i ty  continued during 
m u sc le  s h o r te n in g .  Hunt (1951) o b se rv e d  t h a t  a lp h a  and gamma 
m otoneurones (d is t in g u is h e d  on th e  b a s is  of sp ik e  s iz e s )  always 
d isc h a rg e d  to g e th e r  d u rin g  r e f le x  movement. In  a d d i t io n , Hunt and 
K u ff le r  (1951) observed th a t  e l e c t r i c a l  s tim u la t io n  of th e  sm all 
e f fe re n t f ib re s  could p a r t ia l ly  m aintain  sp in d le  a f fe re n t discharge 
during a c tiv e  shorten ing  of th e  muscle. This led  G ranit (1955) to  
conceive the  ro le  of ganrna e f fe re n ts  as m aintaining sp in d le  d ischarge 
during muscle co n trac tio n , and to  in troduce th e  phrase "alpha-gamma 
linkage” in  resp ect of a l l  such p a ra l le l  d ischarge of two types of 
neurone. "Alpha-gamma linkage" does not sp ec ify  whether th is  p a ra l le l  
f i r in g  of alpha and gamma motoneurones was one p o s s ib i l i ty  or was the 
in e v i ta b le  consequence of sh a red  in p u ts .  M oreover, i t  does n o t 
s p e c ify  i f  th e  lin k a g e  occu rs  th rough  some in te rco n n ec tio n  between 
th e  alpha and gamma motoneurones. Furthermore, i t  f a i le d  to  spec ify  
th e  ro le  of th e  two types of fusim otor neurones and d id  not exp lain  
what advantage derived  from a sep ara te  fusim otor system i f  i t  were
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always c o -a c t iv a te d  w ith  a lp h a  m otoneurones. T h e re fo re , th e  term  
"alpha-gamma c o -ac tiv a tio n "  (Sears, 1964; G ran it, 1970) i s  a b e t te r  
replacem ent.
In  c u r re n t usage "alpha-gamma c o a c tiv a t io n "  i s  a looser term 
implying some, but no t n e c e ssa r ily  a t ig h t ,  coupling between alpha 
and gamma motoneurones. C oactivation  a lso  l i e s  behind th e  concept of 
serv o  a s s is ta n c e ,  where fu sim o to r ou tflow  i s  a d ju s te d  so as  to  
co m p en sa te  f o r  s p i n d l e  f i r i n g  a t  a p p ro x im a te  c o n s ta n t  le v e l  
(Matthews, 1972, S te in , 1974).
C oactivation  has been described  fo r  th e  follow ing descending 
system s:
1) The v es tib u lo sp in a l t r a c t  e x c itin g  m onosynaptically both  alpha and 
gamma m otoneurones to  e x te n so rs  ( G r i l ln e r ,  Hongo and Lund, 1969). 
This pathway seems to  a c t  on s t a t i c  gamma m otoneurones r e l a t iv e ly  
s e le c tiv e ly .
2) The m edial lo n g itu d in a l funiculus, o r ig in a t in g  probab ly  from 
p o n tin e  r e t i c u l a r  fo rm a tio n , c o a c tiv a te s  predom inantly s t a t i c  gamma 
and a lp h a  m otoneurones to  f le x o r  ( G r i l ln e r ,  Hongo and Lund, 1969; 
Bergmans and G r illn e r ,  1968).
3) The rubrospinal t r a c t  has a lso  been found to  a c t re c ip ro c a lly  on 
fle x o r  and extensor motoneurones, e i th e r  by co -ex c itin g  (f le x o rs )  or 
by c o - in h ib i t in g  (e x te n so r)  a lp h a  and gamma m otoneurones (Hongo, 
Jankowska and Lundberg, 1969; A ppelberg, Jeneskog and Johansson, 
1975; Appelberg e t  a l . ,  1982)
The b e s t  ev idence fo r  p re c is e  c o a c t iv a t io n  came from n a tu ra l 
re sp ira to ry  movement (S ears, 1964). The a f fe re n t d ischarge increased  
when th e  m uscle sh o rten ed  d u rin g  c o n tr a c t io n  and d ecreased  d u rin g  
passive  lengthening in  th e  re la x a tio n  phase. This p a tte rn  reversed
25
a f t e r  a s e l e c t i v e  b lo ck ad e  o f gamma axons and was th e r e f o r e  
a t t r i b u t e d  to  th e  e f f e r e n t  a c t iv a t io n  of th e  m uscle s p in d le s  in  
p a ra l le l  w ith th e  e x tra fu sa l shorten ing .
C o a c tiv a tio n  of a lp h a  and gamma m otoneurones in  humans was 
dem onstrated through a s e r ie s  of te c h n ica lly  elegan t experiments by 
V allbo  and h is  c o lle a g u e s  (1970a,b , 1971, 1973, 197 4 a ,b ). These 
experim ents in  humans s h i f t  th e  ba lan ce  of ev idence away from th e  
idea of servo a s s is ta n c e  (Matthews, 1972) and back toward the  ea rly  
suggestion  by K uffle r and Hunt (1952) th a t  the  main function  of the  
fusim otor f ib re s  i s  " to  m aintain  th e  a f fe re n t d ischarge from sp ind les  
in  s p i t e  of a c e r t a in  amount of m uscle sh o rte n in g "  so  th a t  t h e i r  
inform ation inpu t could be preserved  a t  a l l  tim es. I t  i s  worth no ting  
th a t  although many experim ents done in  th is  f ie ld  d id  no t confirm  the 
id ea  o f K u ff le r  and Hunt th e  r e s u l t s  of V ail b o 's  experim ents a re  
d ir e c t ly  ag a in s t th e  idea  of servo a ss is tan c e .
Vallbo (1971) found th a t  a t  the  onset of a voluntary  isom etric  
c o n tra c t io n  th e  e x c i ta t io n  of s p in d le  a f f e r e n ts  in v a r ia b ly  lagged 
beh ind  th e  f i r s t  b u r s t  of EMG a c t i v i t y ,  in d ic a t in g  t h a t ,  a t  b e s t ,  
fu sim o to r neurones were a c t iv a te d  a t  th e  same tim e a s , b u t no t 
befo re , alpha motoneurones were. Note th a t  i f  th e  "follow -up length  
servo" were tru e ,  th e  a c tiv a tio n  of gamma motoneurones and sp in d le  
a f f e r e n t  f ib r e s  shou ld  p reced e  th e  o n se t of EMG a c t i v i t y  a t  th e  
beginning of a vo lun tary  movement.
The f u n c t io n  o f th e  fu s im o to r  sy s tem  m ust be c o n s id e re d  
se p a ra te ly  fo r  a t  le a s t  two subgroups of gamma
m otoneurones th a t  govern d i f f e r e n t  param eters  of m uscle s p in d le  
a c t iv i ty .  The dynamic gamma motoneurones con tro l th e  s e n s i t iv i ty  of 
th e  primary endings to  s tre tc h e s  of small am plitudes, and they may
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th e r e fo re  have s p e c ia l  s ig n i f i c a n c e  in  s i t u a t i o n s  in  w hich th e  
sp in d les  should re a c t to  small p e rtu rb a tio n s  and i r r e g u la r i t ie s .  Only 
s t a t i c  f i b r e s  a r e  a b le  to  in c r e a s e  th e  f i r i n g  of p rim a ry  and 
secondary endings during muscle shorten ing  (Lennerstrand and Thoden, 
1 9 6 8 ). C o n se q u e n tly , i f  th e  gamma loop  and m uscle  s p in d le s  
c o n trib u te  to  th e  e x c ita tio n  of alpha motoneurones during ex tra fu sa l 
sh o r te n in g , th e  c e n tr a l  command has to  in c lu d e  th e  s t a t i c  gamma 
motoneurones. I t  may be, however, th a t  th e  most im portant aspect of 
th e  co ac tiv a tio n  of s t a t i c  gamma motoneurones w ith alpha motoneurones 
i s  to  ensure th a t  th e  muscle sp in d le  a f fe re n ts  a re  ready to  respond 
to  small p e rtu rb a tio n s  added on a la rg e  a c tiv e  muscle shorten ing  in  
th e  l in e  w ith the  suggestion  by K u ffle r and Hunt (1952). Note th a t  
s t a t i c  gammas do n o t s e n s i t i z e  th e  p rim a ry  a f f e r e n t  to  sm all 
p e r tu rb a tio n s . However, in  moderate e x tra fu sa l co n trac tio n  dynamic 
b e ta  would be a c tiv e . [Strong co n trac tio n  would b ring  in  the  la rg e s t 
a lp h a  m otoneurones and t h e r e f o r e  th e  s t a t i c  b e ta  m otoneurones, 
Henneman's s iz e  p r in c ip le  (Henneman, Somjen and C arpenter, 1965)]. On 
th e  b a s is  of such general co n s id e ra tio n s , th e  cen tra l nervous system 
i s  expected  and does use  th e  a v a i la b le  p o s s i b i l i t y  fo r  s e p a ra te  
con tro l of s t a t i c  and dynamic gamma motoneurones (Taylor, S te in  and 
Murphy, 1985; Donga e t  a l . ,  1986 and 1988; Greer and S te in , 1990).
One should  b ea r in  mind th a t  a lth o u g h  p a r a l l e l  m onosynaptic 
e x c i ta to ry  p ro je c t io n s  cou ld  p ro v id e  a ro u te  f o r  t i g h t l y  coupled 
c o ac tiv a tio n  of alpha and gamma m otoneurones, n e v e r th e le s s  even i f  
m onosynaptic p ro je c t io n s  were dom inant, th ey  m ight e x i s t  as two 
fu n c tio n a lly  sep ara te  groups of descending axons, one to  the  alpha 
and to  the  gamma motoneurones. E le c tr ic a l  s tim u la tio n  in  labo ra to ry
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p re p a ra tio n s  m igh t, however, lack  th e  p o te n t ia l  to  a c t iv a te  th e se  
pathways s e p a ra te ly ;  bu t under p h y s io lo g ic a l c o n d itio n s  i n t r i n s i c  
cen tra l c i r c u i t r y  might be capable of doing ju s t  th a t .
Alpha-Ganma Independence
In s p i t e  of f in d in g s  review ed above, th e re  i s  c o n s id e ra b le  
evidence to  show th a t  the  cen tra l nervous system might independently 
in flu en ce  both alpha and garrma motoneurones. Although, in  man th e re  
i s  so f a r  su rp r is in g ly  l i t t l e  evidence fo r  an independent con tro l of 
fusim otor a c t iv i ty  (Burke, McKeon, and Westerman, 1980; Burke e t  a l . ,  
1980; Burke, Hagbarth and Skuse, 1978, 1979; V ailbo, and H u llig e r, 
1979; V allb o , H agbarth , T oreb jo rk  and W allin , 1979; V allb o , and 
H u l l i g e r ,  1 9 8 1 ). In  c o n t r a s t ,  f in d in g s  o f v a r io u s  d e g re e s  of 
in d ep en d en ce  o f fu s im o to r  and s k e le to m o to r  a c t i v i t y  have been 
d e sc rib e d  in  experim en tal anim als (Appenteng, Morimoto and Taylor, 
1980; Koeze, P h i l l ip s ,  and Sheridan, 1968; Loeb and Duysens, 1979; 
Prochazka and Wand, 1981; S jostrom  and Zangger, 1976). T h is was 
dem onstrated s tr ik in g ly  by G ran it, Holmgren and Merton (1955). They 
r e p o r te d  t h a t  on c o o lin g  o r  a b l a t i n g  th e  a n t e r i o r  lo b e  o f th e  
c e r e b e l lu m  i n  th e  d e c e r e b r a t e  c a t ,  t h e  d i s c h a r g e  o f a lp h a  
motoneurones increased  w hile th a t  of gairma motoneurones decreased. So 
th e re  seems l i t t l e  doubt th a t  a lp h a  and gamma m otoneurones can be 
c o n t r o l l e d  in d e p e n d e n tly .  F u r th e rm o re , th e  p y ram id a l t r a c t  i s  
believed  to  be a descending system th a t  shows independent con tro l of 
alpha and gamma motoneurones by th e  c en tra l nervous system, w ith  the 
former rece iv ing  a monosynaptic p ro je c tio n  w hile th e  l a t t e r  does not 
(Clough and Sheridan, 1968; Clough, P h il l ip s  and Sheridan, 1971).
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In summary, th e  examples d iscussed  provided reasonable grounds 
on w hich i t  c o u ld  be assum ed t h a t  in f lu e n c e s  on a lp h a  
motoneurones from seme descending t r a c ts  were d if f e re n t  from those  to  
gamma motoneurones, allow ing the  cen tra l nervous system the  choice to  
independently in flu en ce  a f fe re n t a c t iv i ty  by way of gamma e f fe re n ts  
in  d if f e re n t  motor p lan s.
Yet w ith  th e  re c o g n it io n  of dynamic and d i f f e r e n t  ty p es  of 
s t a t i c  gamma m otoneurones, th e  is s u e  had become more complex. One 
should answer questions l ik e :  The ex ten t of co ac tiv a tio n  of alphas
w ith  s t a t i c  and/or w ith  dynamic gammas. . .  e tc?  To be more s p e c if ic  
one should t r y  to  d e c id e  i f  d if f e re n t  types of gamma motoneurones a re  
being c o n tro lle d  se p a ra te ly  by h igher cen tres  in  th e  cen tra l nervous 
system  o r n o t and t h i s  has of co u rse  a t t r a c t e d  some a t t e n t io n  in  
recen t y ears.
SECTION B: LITERATURE REVIEW
The CENTRAL CONTROL of FUSIMOTOR NEURONES
Methods of Study 
I t  i s  w o r th  g o in g  b r i e f l y  o v e r  d i f f e r e n t  m e th o d s  o f 
in v e s tig a tio n  of fusim otor a c t iv i ty  before reviewing any r e s u l ts  from 
Vedel and o th e rs  who worked on s e le c t iv e  c o n tro l of s t a t i c  and 
dynamic gamma axons by sensoriimotor cortex  of th e  c a t.
A c t iv i ty  of fu s im o to r neurones can be s tu d ie d  by d i f f e r e n t  
methods. However, no s in g le  method i s  av a ila b le  th a t  can provide 
co m p reh en siv e  in fo rm a t io n  on s y n a p to lo g y  and s e l e c t i v i t y  o f a 
p a r t ic u la r  pathway and on th e  s tre n g th  and type of fusim otor e f fe c ts  
e l i c i t e d .  At f i r s t ,  re c o rd in g  of a f f e r e n t  r a th e r  th an  e f f e r e n t
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d ischarges was chosen fo r  studying fusim otor a c t iv i ty  because i t  i s  
e a s ie r  to  i s o la te  la rg e  sp in d le  a ffe re n ts  in  the  dorsal ro o ts  ra th e r  
than small gamma e f fe re n ts  in  the  muscle nerve. I t  can a lso  provide 
inform ation th a t  i s  s t i l l  unobtainable by the  apparen tly  more d ire c t  
re c o rd in g  o f e f f e r e n t  d is c h a r g e s .  The m ain ad v an tag e  o f t h i s  
approach , e s p e c ia l ly  when i t  i s  q u a n t i t a t iv e ,  i s  th a t  i t  p e rm its  
c l a s s i f i c a t i o n  o f th e  fu s im o to r  e f f e c t s  as  s t a t i c  and dynamic, 
re ly in g  on th e  o r ig in a l  c r i t e r i a ,  whereas in  th e  case  of e f f e r e n t  
re c o rd in g , d i r e c t  fu n c tio n a l i d e n t i f i c a t i o n  i s  n o t p o s s ib le  as no 
a b so lu te  d i f f e re n c e  i s  known, fo r  example between th e  conduction  
v e lo c it ie s  of the  two s t a t i c  and dynamic types of fusim otor axons. 
Moreover, th e  degree of contam ination of one type of ac tio n  by the  
o th e r  can a ls o  be e s tim a ted  (A ppelberg e t  a l . 1981). F u r th e r ,  th e  
m easures tak en  e s tim a te  t o t a l  fu sim oto r ou tflow  to  th e  s p in d le  a t  
i s s u e ,  and fo r  fu n c tio n a l c o n s id e ra tio n  th i s  may be more re le v a n t 
than q u a n tita tiv e  d a ta  from s in g le  gamma motoneurones. On th e  o ther 
hand, i t  has some d isadvantages. Unless the  EMG i s  recorded w ith  the  
h ig h e s t r e s o lu t io n ,  gamma a c t io n  can no t be s e p a ra te d  from b e ta  
a c t io n .  M oreover, in h ib i to ry  e f f e c t s  can only  be d e te c te d  when 
fusim otor neurones d ischarge spontaneously. F in a lly , weak e f fe c ts  on 
one type of gamma motoneurone may go unnoticed when a c t iv i ty  of the  
o th er type i s  dominant. This holds tru e  e sp e c ia lly  fo r  weak dynamic 
fusim otor e f fe c ts  when s t a t i c  ac tio n  p re v a ils .
I n t r a c e l lu l a r  reco rd in g  from gamma m otoneurones i s  a n o th e r 
tech n iq u e  to  a s se s s  fu sim o to r a c t i v i t y .  I t s  main l im i ta t io n  fo r  
gamma motoneurones i s  the  lim ited  s iz e  of the  sample, a t t r ib u ta b le  
to  th e  t e c h n ic a l  d i f f i c u l t i e s  in  re c o rd in g  from  sm all c e l l s .
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In tr a c e l lu la r  recordings a re  fu rth e r  lim ited , as they do no t perm it a 
d ire c t  c la s s i f ic a t io n  of gamma c e l ls  as e i th e r  s t a t i c  or dynamic, and 
as they tend to  be b iased  towards an a ly s is  of sh o rt- la te n c y  e f fe c ts .
A recen t method adopted by Gladden and MdWilliam fo r  the  f i r s t  
time in  1977a i s  to  assess  the  a c t iv i ty  of fusim otor neurones through 
d ire c t  observation  of e x te r io r is e d  tenuissim us muscle sp in d le s , and 
th is  w ill be thoroughly d iscussed  la te r  in  th is  sec tio n .
C r i t e r i a  to  D is t in g u is h  betw een  R e c ru itm en t o f D i f f e r e n t  Gamma 
Populations
The question  of how to  "d is tin g u ish  between s t a t i c  and dynamic 
fu sim o to r a c t iv a t io n "  i s  e x te n s iv e ly  covered by Matthews and i s  
summarized in  h is  review  on m uscle re c e p to rs  and t h e i r  c e n tr a l  
con tro l (1972). However, i t  i s  worth going b r ie f ly  over c r i t e r i a  used 
in  in te rp re tin g  our r e s u l ts .  Those a re  broadly categorized  in to  two 
fu sim o to r e f f e c t s :  dynamic and s t a t i c .  The dynamic e f f e c t s  a re  
b ro u g h t ab o u t by dynam ic bag c o n t r a c t io n  w hich becomes a c t iv e  
m echanically i f  dynamic fusim otor axons are  ex c ited  w ith a frequency 
of more than 15-20 im pulses/sec. The main e f fe c t  of s tim u la tin g  a 
dynam ic fu s im o to r  axon i s  on th e  p rim ary  en d in g  a l th o u g h  l e s s  
freq u en tly  secondary endings a re  a lso  weakly a ffe c te d . As a r e s u l t  
of dynamic fusim otor neurone s tim u la tio n  th e  d ischarge frequency of 
th e  primary ending r is e s  m oderately a t  constant leng th  and in creases  
d ram atica lly  during ramp s tr e tc h  compared to  th e  passive  sp in d le ; and 
f in a l ly  i t  might lessen  th e  slowing of th e  primary d ischarge.
One shou ld  b ea r in  mind th a t  on c e n tr a l  s t im u la t io n ,  bo th  
dynamic and s t a t i c  fu sim o to r axons m ight be r e c ru i te d  and a mixed 
e f f e c t  a p p e a r s  f ro m  a f f e r e n t  r e c o r d i n g s .  In  a d d i t i o n ,
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skele to fusim oto r neurones th a t  innervate  both  e x tra -  and in tra fu s a l  
f ib re s  and which a re  ca tegorized  in to  dynamic and s t a t i c  be ta  f ib re s ,  
may well ge t ex c ited  and in  tu rn  can e l i c i t  co n trac tio n  in  dynamic 
bagi and long chain f ib re s .  Therefore, in  in te rp re tin g  th e  e f fe c t  of 
c e n tra l s tim u la tio n  using only a ffe re n t record ing , one should be very 
cau tious not to  a t t r ib u te  the  e f fe c ts  to  a wrong c la ss  of neurones 
which happens w ithout much d i f f ic u l ty .
S t im u la t io n  o f s t a t i c  fu s im o to r  axons b r in g s  ab o u t th e  
c o n t r a c t io n  o f s t a t i c  bag 2 a n d /o r  c h a in  f i r e s .  The im p ac t on 
secondary  sensory  endings i s  more pronounced i f  ch a in  f ib r e s  a re  
in n e r v a te d .  However th e  ty p i c a l  e f f e c t  o f s t a t i c  fu s im o to r  
s t im u la t io n  on th e  prim ary ending i s  to  in c re a s e  i t s  d isch a rg e  
f r e q u e n c y  a t  c o n s ta n t  l e n g th  and  to  d im in is h  i t s  dynam ic 
re sp o n s iv en ess  d u r in g  ramp s t r e t c h .  I t  a l s o  l e s s e n s  th e  a b ru p t 
slowing of primary d ischarge to  th e  re le a se  of s tr e tc h .  I t  i s  claime.d 
th a t  a paradoxical e f fe c t  on s tim u la tio n  of s t a t i c  fusim otor axon i s  
o b ta inab le  i f  i t  i s  s tim u lated  w ith a low frequency which in creases  
th e  dynamic s e n s i t iv i ty  of the  primary ending (Baumann, Enronet-Denand 
and H u llig e r, 1982). This paradoxical e f fe c t  i s  no t understood but 
may well be s ig n if ic a n t  p h y sio lo g ica lly  s in ce  th e  d ischarge r a te  of 
s t a t i c  fu sim o to r neurones i s  norm ally  w ell below 7 5 /sec  and sm all 
p e rtu rb a tio n s  of leng th  o ften  occur.
T h e re fo re , i t  i s  co n v en ien t, as in  th e  case  of Vedel and 
M ouillac-B audevin  work (1970), to  a t t r i b u t e  pure  dynamic and pure 
s t a t i c  e f f e c t s  to  c o n t r a c t io n  o f dynam ic and s t a t i c  fu s im o to r  
system s. However, when i t  comes to  in t e r p r e t  th e  r e s u l t s  th a t  a re  
c l a s s i f i e d  somewhere in  betw een  th e  two p u re  r e s p o n s e s ,  i t  i s  
d i f f i c u l t  and sometimes im possible. Of course, one might p o s tu la te ;
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however, i t  may well be too f a r  from what exactly  happened c e l lu la r ly  
a t  th e  le v e l of th e  m uscle s p in d le . Hence, th e re  seems to  be a 
n ecess ity  to  have an a l te rn a tiv e  method of looking a t  th e  impact of 
c e n tr a l  s t im u la t io n  on th e  fu sim o to r system , n o t by s u b s t i tu t in g  
a f fe re n t recording technique, but ra th e r  by complementing i t .
E ffec t of Central S tim ulation  on the  Fusimotor System
The c en tra l in fluence  on th e  gamma system was s tu d ied  fo r th e  
f i r s t  time by G ranit and Kaada (1952). They found th a t  the  discharge 
of b o th  th e  gamma axons and th e  m uscle  s p in d le  a f f e r e n t s  w ere 
f a c i l i t a t e d  o r in h ib i te d  by s tim u la t io n  of v a rio u s  p a r ts  of th e  
cen tra l nervous system, includ ing  cerebra l co rtex . A fter th a t  E lder, 
G ranit and Merton (1953) proposed two motor pathways, th a t  i s ,  th e  
alpha and th e  gamma system s, suggesting th a t ,  inasmuch as th e  gamma 
sy stem  i s  w e ll p ro v id e d  w ith  d i f f u s e  c e n t r a l  c o n n e c tio n s ,  a l l  
concep ts in v o lv in g  m otor a c t i v i t y  must be re c o n s id e re d  from th i s  
po in t of view. In continuing th e i r  work, many researchers  have d e a lt  
w ith  a number of unsolved  problem s c e n te r in g  around th e  g en era l 
question  of th e  scope of the  cen tra l contro l of gamma e f fe re n ts  and 
i t s  s i g n i f i c a n c e  in  th e  p r o p r io c e p t iv e  r e g u la t io n  o f m u scu la r 
co n trac tio n .
I t  was unknown to  what e x te n t su p ra sp in a l gamma c o n tro l can 
d isp lay  i t s e l f  a f te r  c u ttin g  th e  dorsal ro o ts . I t  has been claimed by 
Hunt (1951) th a t  in  sp in a l c a ts  spontaneous d isc h a rg e  in  gamma 
e f f e r e n ts  ceases  a f t e r  d e - a f f e r e n ta t in g  th a t  re g io n  of th e  co rd . 
However, in  th e  d e c e re b ra te  c a t  such c e n tra l  e f f e c t s  on th e  gamma 
motor neurones may p e r s is t  v i r tu a l ly  unchanged a f te r  se c tio n  of th e  
dorsal ro o ts  of the  segments of the  sp inal cord in  which th e  s tu d ied
33
fusim otor neurones l i e .  They thus appear to  depend very l i t t l e ,  i f  a t  
a l l ,  upon support from the muscle p rop riocep to rs. Indeed, i t  i s  been 
claim ed th a t  i t  i s  easy to  t e l l  from th e  b eh av io r of th e  m uscle 
sp in d le  whether i t  has been d e -e ffe ren ted  or not (E lder, G ranit and 
M erton, 1953); bu t w ith  reg a rd  to  d e - a f f e r e n ta t io n ,  i t  i s  alm ost 
im p o ssib le  to  t e l l  w hether th e  a f f e r e n t  co n n ec tio n s  a re  in t a c t  or 
n o t .  A ll th e  s ig n s  of gamma a c t iv a t io n  u s u a lly  rem ain: i r r e g u la r  
d ischarges, high spontaneous f i r in g  r a te  (o r low th resho ld  i f  s i le n t )  
and a b r isk  reac tio n  to  tw istin g  th e  pinna (E lder, G ranit and Merton, 
1953).
Regions of th e  c e n tra l  nervous system  where s tim u la tio n  has 
been  found to  have e f f e c t s  on fu s im o to r  n eu ro n e s  in c lu d e  th e  
r e t ic u la r  form ation, th e  motor co rtex , th e  pyramidal t r a c t ,  th e  basal 
g an g lia , th e  thalamus, the  red nucleus, th e  cerebellum , th e  amygdala, 
hypothal arnus .............e t c .
As so o f te n  happens on app ly ing  e l e c t r i c a l  s tim u la t io n  to  a 
complex s tru c tu re  such as cen tra l nervous system th e  e f fe c t  produced 
from a p a r t ic u la r  s i t e  i s  o ften  fa r  from constan t. Sometimes i t  may 
even change from s t a t i c  to  dynamic or from gamma e x c ita tio n  to  gamma 
in h ib it io n  on a l te r in g  the  s tre n g th  or frequency of s tim u la tio n , th e  
depth of an es th esia , or even on simple re p e t i t io n  of th e  stim ulus. 
Not s u rp r i s in g ly ,  th e r e fo re ,  no com prehensive scheme has y e t been 
form ulated explain ing  th e  r e la t io n  between regions which d ir e c t ly  or 
in d ire c tly  con tro l the  fusim otor neurones, and in  what manner and fo r  
what purpose.
34
Independent Control of Dynamic Gamma and S ta t ic  Gamma Motoneurones
When i t  was re c o g n iz e d  t h a t  th e r e  a r e  two su b g ro u p s  of 
fusim otor neurones th a t  have p re fe re n tia l  ac tio n s  on the  dynamic or 
s t a t i c  s e n s i t iv i ty  of th e  muscle sp in d le  a f fe re n ts ,  th e  p o s s ib i l i ty  
of th e i r  independent con tro l a lso  became im portant. In 1961 a sh o rt 
n o te  by Jansen  and Matthews came as th e  e a r l i e s t  in d ic a t io n  of 
in d e p e n d e n t c o n tr o l  o f s t a t i c  and dynam ic p r o p e r t i e s  of m uscle 
sp in d les  by a n te r io r  lobe of th e  cerebellum  in  th e  d ecereb ra te  c a ts .  
The f in d in g s  were re p o r te d  in  f u l l  th e  fo llo w in g  y ear (Jan sen  and 
Matthews, 1962) and gained immediate support by observations made by 
A ppelberg (1962) where th e  re d  n u c leu s  was be ing  s tim u la te d  w h ile  
recording  from prim ary a ffe ren ts , and a lso  by G ranit and Van der 
Meulen (1962). L ater work on th e  o rg an iza tio n  of th e  fusim otor system 
h as  shown t h a t  s t a t i c  and dynam ic gamma c e l l s  have d i f f e r e n t  
i n t r a f u s a l  d i s t r i b u t i o n s ,  and when a c t iv e ,  produce fundam entally  
d i f f e r e n t  e f fe c ts  (Barker e t  a l . 1976b; Matthews, 1972).
In  1965, A p p e lb erg  and Em onent-D enand, w ork ing  on m ed ia l 
g astro cn em iu s m uscle of c a ts  a n a e s th e t iz e d  w ith  b a r b i tu r a te  and 
urethane reached Ifc conclusion th a t  cen tra l s tim u la tio n  in  ap p ro p ria te  
r e g io n s  m ay, in  a r a t h e r  s e l e c t i v e  w ay, a c t i v a t e  d i f f e r e n t  
p o p u la tio n s  of fu s im o to r f ib r e s  having  e i t h e r  a dynamic o r s t a t i c  
e f f e c t  on th e  s p in d le s .  However, no a tte m p ts  were made in  th o se  
experim ents to  r e la te  e f fe c tiv e  s tim u la tin g  regions to  h is to lo g ic a l ly  
d e f in e d  a r e a s  o f th e  b r a in ,  a l th o u g h  i t  was s u g g e s te d ,  from  
s te re o ta x ic  co o rd in a tes, th a t  a c e n tra l area  fo r  con tro l of muscle 
sp in d le  dynamic s e n s i t iv i ty  was s i tu a te d  in  the  red nucleus area  of 
th e  mesencephalon.
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Vedel and h is  colleagues provided various examples of a ra th e r  
s e le c t iv e  c e n tra l  a c t iv a t io n  of e i th e r  s t a t i c  o r dynamic neurones 
u s in g  a f f e r e n t  re c o rd in g  from  p rim ary  en d in g s  in  c a t s  u n d er 
halothane. With regard to  the  p o ssib le  ex isten ce  of h igher cen te rs  
than th e  red nucleus in  the  mesencephalon having descending systems 
which in fluence  fusim otor neurones, the  work of Vedel (1965) i s  of 
considerab le  in t e r e s t .  This au th o r o b ta in ed  c o n t r a la te r a l  sp in d le  
e f fe c ts  very s im ila r  to  the  ones described  by Appelberg and Molander 
(1967) by r e p e t i t i v e ly  s t im u la tin g  th e  sen so rim o to r c o r te x . He 
c la im ed  t h a t  th e  p y ram id a l t r a c t  in  c a t s  e x e r t s  i t s  c o n tro l  
exc lusive ly  on th e  dynamic fu sim o to r neurones. This co n c lu sio n  was 
based on th e  follow ing evidence:
i )  S t im u la t io n  o f th e  p o s t c r u c i a t e  a r e a  p ro d u c e d  an 
augmentation of the  dynamic responsiveness of a primary ending in  
th e  so leus muscle to  a ramp s tr e tc h .
i i )  A s im ila r  change was observed on s tim u la tin g  th e  m edullary 
pyramid.
i i i )  The e f fe c ts  of c o r tic a l s tim u la tio n  could be elim inated  by 
e lec tro co ag u la tio n  confined to  the  m edullary pyramid.
There can be l i t t l e  doubt th a t  these  r e s u l ts  s tro n g ly  in d ic a te  
pyram idal t r a c t  c o n tro l over th e  dynamic fu sim o to r neu rones. 
However th e  question  was ra ise d  as to  whether or no t th e  pyramidal 
c o n tro l i s  e x c lu s iv e ly  over th e  dynamic fu sim o to r neu rones. In  
su b se q u e n t w ork, Vedel and h i s  c o l le a g u e s  found th a t  resp o n ses  
produced by s tim u la tio n  of th e  r e t i c u la r  fo rm atio n  in  th e  m edu lla , 
pons and mesencephalon tended to  be ra th e r  la b i le  and a t  some s i t e s  
the  e f fe c t  might change from predom inantly  s t a t i c  to  p redom inantly  
dynam ic on r e p e a te d  a p p l i c a t i o n  o f th e  s t im u lu s  (V edel and
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M ouillac-B audevin , 196 9 a ,b ). A more thorough in v e s t ig a t io n  of th e  
e f fe c ts  of c o r tic a l  s tim u la tio n  showed th a t  on varying th e  depth of 
anaesth esia  s t a t i c  e f fe c ts  could sometimes be obtained in s tead  of the  
m ore u s u a l  dynam ic e f f e c t  p r e v io u s ly  d e s c r ib e d  (V edel and  
Moui11ac-Baudevin, 1970).
Gladden and McWilliam (1977b) suggested, on th e  b as is  of th e i r  
o b s e r v a t i o n s  o f e x t e r i o r i s e d  te n u is s im u s  m u sc le  s p in d l e  in  
an aesth e tized , decerebrate  and sp ina l c a ts ,  th a t  th e i r  r e s u l ts  were 
com patib le  w ith  th e  co n c lu s io n  th a t  th e  c e n tra l  nervous system can 
c o n tr o l  th e  dynam ic bagi f i b r e s  of m uscle  s p in d le s  e n t i r e l y  
independently from th e  s t a t i c  bag2 f ib re s  and n u clear chain f ib re s .  
Gladden (1981) confirm ed th e  su g g estio n  s ta te d  above and re p o rte d  
t h a t  f i r s t l y  c o n t r a c t io n  o f dynamic bagi f i b r e  o f te n  o c c u rre d  
se q u e n tia lly  w ith  th a t  of o th er in tra fu sa l muscle f ib re s .  They were 
th e  l a s t  to  become spontaneously ac tiv e  in  l ig h t  an aesth esia  and the 
f i r s t  to  stop  during deepening anaesthesia . Secondly in t r a c e l lu la r  
recording from dynamic bagi and s t a t i c  bag2 f ib re s  in  th e  same
pole during recru itm ent of gamma axons in  th e  muscle nerve showed no 
coupling between the  junctional p o te n tia ls  of the  two. Therefore, 
p h y s io lo g ic a l ev idence w ell proves by now th a t  dynamic and s t a t i c  
fusim otor neurones a re  la rg e ly  independently co n tro lled .
Independent Control of D iffe ren t Types of S ta t ic  Gamma Motoneurones
Gladden and McWilliam ( 1977a,b) developed a new method of 
o b s e rv in g  i n t r a f u s a l  f i b r e  c o n t r a c t io n s  i n  re sp o n s e  to  r e f l e x  
fu s im o to r  a c t i v i t y .  U n lik e  b e fo re  ( e .g .  Hunt 1951 in  w hich 
fusim otor a c t iv i ty  was recorded from cut v en tra l ro o t f ilam en ts ), i t  
was now p o s s ib le  to  v is u a l iz e  c o n tra c tio n s  of th e  th re e  ty p es  of
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in t r a f u s a l  f ib r e s  and from th a t ,  to  deduce th e  type  of fu sim oto r 
neurones th a t  were a c tiv e . Although th is  method had the  advantage of 
revealing  th e  type of fusim otor neurones th a t  were influenced  by a 
p a r t i c u la r  in p u t,  i t  d id  no t p re se n t th e  o p p o rtu n ity  of p ro v id in g  
q u a n t i ta t iv e  in fo rm a tio n  such as th e  d isch a rg e  fre q u e n c ie s  of th e  
fu sim o to r neurones t h a t  may have been in f lu e n c e d . However, t h i s  
method of Gladden and MdWilliam (1977a,b) was and s t i l l  i s  th e  most 
s e n s i t iv e  in  p ro v id in g  in fo rm a tio n  about a c t i v i t y  in  p a r t ic u la r  
sub-groups of th e  fu sim o to r system . C r i t e r i a  had to  be s e t  as to  
what the  d if fe re n t in tra fu s a l  f ib re  types looked l ik e  under the  lig h t  
microscope. D is tin c tio n  between nuclear bag and nuclear chain f ib re s  
was based  on t h e i r  r e l a t i v e  d iam e te rs , w ith  th e  l a t t e r  having a 
s m a l le r  d ia m e te r  th a n  th e  fo rm e r. Dynamic bagi f i b r e s  were 
d is tin g u ish ed  from s t a t i c  bag2 f ib re s  by th e i r  g re a te r  s e n s i t iv i ty  to  
to p ic a l ly  a p p lie d  a c e ty lc h o lin e  (Gladden 1976). A reaso n ab le  and 
im p o rtan t assum ption made was th a t  movement of dynamic bagi f ib re s  
s ig n if ie d  th a t  dynamic gamma motoneurones were a c tiv e , while movement 
of s t a t i c  bag2 or nuclear chain f ib re s  s ig n if ie d  a c t iv i ty  of s t a t i c  
gamma motoneurones.
A c o n s is te n t  o b se rv a tio n  made by th e  above au th o rs  was th a t  
s t a t i c  bag 2 f i b r e s  w ere a c t i v e  in  th e  l i g h t l y  a n a e s th e t iz e d  
p rep ara tio n s  (c a ts  under b a r b i tu r a te  a n a e s th e s ia ) .  Sb2 f ib r e s  were 
a ls o  spon taneously  a c t iv e  in  d e c e re b ra te s  a lth o u g h  t h i s  decreased  
w ith tim e. In eleven out of s ix te en  sp ind les  observed, nuclear chain 
f ib re s  were not as freq u en tly  spontaneously a c tiv e  while only th re e  
dynamic bagi f ib r e s  showed sp o n ta n e o u s  a c t i v i t y  in  th e  l i g h t l y  
a n a e s th e tiz e d  p re p a ra tio n  and were never found to  be spontaneously 
a c tiv e  in  the  decerebrate  p rep ara tio n . C learly , th ese  observations
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s t r o n g ly  im p lie d  t h a t  th e  c e n t r a l  n e rv o u s  sy stem  o f red u ced  
p rep ara tio n s  was capable of a c tiv a tin g  fusim otor neurones s e le c tiv e ly  
to  one type of in tra fu s a l  f ib re .
Gladden and McWilliam (1977a and b) and Gladden (1981) a ls o  
s tu d ied  recru itm ent p a tte rn s  of fusim otor neurones during e le c tr ic a l  
s tim u la tio n  of the  cen tra l nervous system. The s tru c tu re s  stim ulated  
w ere th e  c o n t r a l a t e r a l  c e r e b ra l  c o r te x  in  th e  re g io n  o f th e  
p o s tc ru c ia te  dimple and a sm aller area ju s t  a n te r io r  to  the  c ru c ia te  
s u lc u s . They r e p o r te d  t h a t  as  a n a e s th e s ia  l ig h te n e d ,  c o r t i c a l  
s tim u la tio n  u su a lly  re c ru ite d  s t a t i c  bag2 f ib re s  alone. S tim ulation 
of sm a lle r  a re a s  w ith in  th e  a re a  where e l e c t r i c a l  s tim u la t io n  was 
e f f e c t iv e  r e s u l te d  in  re c ru itm en t of n u c le a r  chain  f ib re s ,  dynamic 
bagi f ib re s  or ex tra fu sa l f ib re s .  I t  i s  not so c le a r  what the  order 
of p re fe re n c e  of th e  s t im u li  in  r e c r u i t in g  d i f f e r e n t  in t r a f u s a l  
f ib re s  was. "In  only two in stan ces  co n trac tio n  of th e  s t a t i c  bag2 
f ib r e s  cou ld  n o t be se p a ra te d  from c o n tra c tio n  of n u c le a r  cha in  
f ib re s " ,  (Gladden 1981). I t  appears as though e le c t r ic a l  s tim u la tio n  
of th e  ce reb ra l co rtex  in  th e  regions described  above was genera lly  
s e le c tiv e  in  re c ru it in g  s t a t i c  bag2 f ib re s  independently of the  r e s t .  
S e lec tiv e  recru itm ent of n uclear chain f ib re s  independently of s t a t i c  
bag2 was no t as common.
Dynamic bagi f i b r e s  w ere n e v e r  found  to  be in d iv id u a l ly  
r e c r u i te d  by e l e c t r i c a l  s tim u la t io n  in  th e  p e r ic ru c ia te  co rtex . In 
a l l  s ix  muscle sp ind les  in  which dynamic bagi f ib re s  were re c ru ite d , 
s t a t i c  bag2 f ib re s  were re c ru ite d  sim ultaneously as w ell. However, 
i t  i s  a lso  reported  th a t  i t  was p o ssib le  to  f in d  c o r t ic a l  areas where 
s tim u la tio n  produced g re a te r  movement in  th e  dynamic bagi f ib re s  as 
opposed to  th a t  in  s t a t i c  bag2 f ib re s .  In any case i t  was p o ssib le  to
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re c ru i t  s t a t i c  bag2 f ib re s  alone by a l te r in g  e lec tro d e  p o s itio n s  in  
a reas from which o ther f ib re s  may have been sim ultaneously re c ru ite d . 
D escrip tions of ex tra fu sa l recruitm ent p a tte rn s  in  r e la t io n  to  th a t 
o f any of th e  in t r a f u s a l  f ib r e  sp e c ie s  were n o t a v a i la b le  due to  
v isu a l focusing te c h n ic a l i t i e s  which d id  n o t p erm it th a t  a sp e c t of 
c en tra l con tro l of motoneurones (both alpha and gamma motoneurones) 
to  be te s te d .
The im portance of th e  o b se rv a tio n s  of Gladden and McWilliam 
(1977a,b) and Gladden (1981) i s  th a t  they  were th e  f i r s t  d i r e c t  
evidence from which i t  was concluded th a t ,  not only was the  cen tra l 
nervous system capable of independently c o n tro llin g  dynamic fusim otor 
neurones from s t a t i c  (Ja n se n  and M atthew s, 1962; A ppelberg  and 
Emonet-Denand, 1965; Appelberg and M olander, 1967; A ppelberg and 
J e n e s k o g ,  1 9 6 9 ; Y o k o ta  an d  V o o rh o e v e , 1 9 6 9 ; V ed e l and  
M ouillac-B audevin , 1969a,b and 1970; Jeneskog 1974; Jeneskog and 
Johansson 1977; A ppelberg, 1981) bu t th a t  i t  was a ls o  capab le  of 
independently in fluenc ing  those innervating  s t a t i c  bag2 f ib re s  from 
th o se  in n e rv a tin g  n u c le a r  cha in  f ib r e s .  However, G ladden 's  work 
(1981) i s  lim ited  to  a c o r tic a l  area  from which s t a t i c  bag2 f ib re s  
could be s e le c tiv e ly  re c ru ite d .
As a lre a d y  p o in te d  o u t, th e  method of Gladden and McWilliam 
(1977a and b) rem ain s a s  p o s s ib ly  th e  m ost s e n s i t i v e  way of 
d is c e rn in g  in f lu e n c e  o f a g iv e n  c e n t r a l  s t r u c t u r e  on d i f f e r e n t  
in tra fu s a l  f ib re s .  However, i t s  l im ita tio n  i s  th a t  i t  i s  probably 
th e  most d i f f i c u l t  method to  adopt and a t  p re se n t none o th e r  than  
G ladden's group a re  using i t .
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A lthough Gladden and McWilliam o b ta in ed  in te r e s t in g  r e s u l t s ;  
th ey  d id  n o t cover th e  c e re b ra l c o r te x  w ith  a s u f f i c i e n t  dep th  of 
p a ra f f in  to  prevent CO2 escape from th e  co rtex . During the  course of 
c o r t ic a l  s tim u la tio n  which might have taken 2-3 hours or even more, 
CO2 escape would cause d e te r io ra tio n  in  th e  cerebra l blood flow. I t  
i s  w ell known th a t  v a sc u la r  r e s is ta n c e  in  th e  b ra in  i s  lo c a l ly  
modulated by e x tra c e llu la r  pH (Betz and Heuser, 1967; Betz and Kozak, 
1967 and R aichle e t  a l . ,  1970) and th a t  th i s  mechanism co n trib u tes  to  
a hom eostasis of in tra c e re b ra l pH. CO2 i s  a v o la t i le  ac id  i t s e l f  and 
can determ ine s tro n g ly  th e  pH of a medium, Kuschinsky e t  a l . (1972) 
dem onstrated th a t  th e re  i s  a c o r r e la t io n  between p e r i a r t e r i o l a r  pH 
and th e  v e s s e l  d ia m e te r  a t  a p h y s io lo g ic a l  c o n c e n tr a t io n  of 
potassium . Furtherm ore, a dependency e x is t s  between to t a l  c e re b ra l 
blood flow and pH measured on the  c o r tic a l  su rface  (Betz and Heuser, 
1967 and Betz and Kozak, 1967). As a r e s u l t  of any d e te r io ra tio n  of 
th e  b lood supply  one m ight expect a l t e r a t io n s  in  th e  behaviour of 
neurones of i n t e r e s t  w ith in  th a t  a re a  and u l t im a te ly  change th e  
n a tu re  of e f fe c ts  in  periphery . Therefore, in  b r ie f ,  had the  cortex  
been deep ly  covered w ith  m inera l o i l  in  th e  d i r e c t  o b se rv a tio n  
experim ents of Gladden and McWilliam (1 9 7 7 a ,b ), d i f f e r e n t  r e s u l t s  
might have been obtained.
One lim ita tio n  of th is  technique and a lso  of a f fe re n t d ischarge 
rec o rd in g  i s  th a t  n e i th e r  of th e  tech n iq u es  can rev ea l any s l i g h t  
a c tiv a tio n  of bag f ib re s .  Boyd (1976) claimed th a t  because th e re  are  
no a c t io n  p o te n t ia l s  in  bag f ib r e s ,  i f  th ey  a re  s tim u la te d  below 
10-15 im pulses p er second, th ey  do n o t c o n tr a c t .  I f  by any means 
(e .g . c o r t ic a l  s tim u la tion ) fusim otor neurones become s l ig h t ly  a c tiv e  
( i . e .  w ith  frequency of le s s  th an  1 5 ), n e i th e r  a f f e r e n t  d isch a rg e
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recording nor d ire c t  observation  techniques can reveal i t .  However, 
t h e r e  i s  one te c h n iq u e  to  go round t h i s  p roblem  and t h a t  i s  
i n t r a c e l l u l a r  r e c o r d in g  fro m  bag  f i b r e s  th ro u g h  c a p i l l a r y  
m icro-electrodes p en e tra tin g  in to  the  bag f ib re s .  One problem w ith 
th is  technique i s  th a t  i t  depends on reading junctional p o te n tia ls  
which decay w ith d is tan ce  from th e  motor end p la te ,  fo r  junctional 
p o te n tia ls  do not propagate. Therefore, to  claim  p o s itiv e ly  th a t  bag 
f ib r e ( s ) ,  become ac tiv e  in  both p o les, one req u ires  to  record from 
one m icroelectrode implanted in  each pole of th e  bag f ib re .
I t  was known from the  work of Barker e t  a l .  (1973), Bessou and 
Pages (1975) and Boyd e t  a l . (1977) th a t  s t a t i c  gamma axons may
in n erv ate  chain f ib r e s ,  Sb2 f ib re s  or both to g e th e r. However a t  f i r s t  
i t  appeared th a t  s t a t i c  gamma axons d id  not s e le c tiv e ly  innervate  one 
ty p e  o f f i b r e ,  Sb2 o r  c h a in s ,  in  a l l  th e  s p in d le s  w hich w ere 
in n e rv a te d . However, Gladden and McWilliam (1977a,b) and Gladden 
(1981) suggested th a t  s in ce  Sb2 f ib re s  were frequen tly  a c tiv e  w ithout 
any chain f ib re  a c t iv i ty  in  an aesth e tized  or decerebrate  c a ts  th e re  
m ight be a group of s t a t i c  gamma axons which in n e rv a te  Sb2 f ib r e s  
predom inan tly . In  1986 Boyd on th e  b a s is  of p h y s io lo g ic a l t e s t s ,  
d iv id e d  s t a t i c  gamma m otoneurones in to  two groups one in n e rv a te d  
predominantly s t a t i c  bag2 f ib re s  in  a l l  sp in d les  su p p lie s , w ith some 
chain f ib re s  occasionally  in  ad d itio n . Another group of s t a t i c  gamma 
supplying predominantly chain f ib re s  w ith some Sb2 f ib r e  involvement. 
Boyd s u g g e s te d  a l s o  t h a t  th e  s t a t i c  gamma ax o n s s u p p ly in g  
predominantly chain f ib re s  had type irt endings on th e  chain f ib re s .  
A rbuthnott e t  a l . (1982) had e a r l i e r  d iv ided  endings on chain f ib re s
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in to  types rib and rrw . Boyd thought th a t  th e  type ny, endings on chain 
f ib re s  were th e  term inations of the  o ther type of s t a t i c  gamma axon 
which predom inantly innervated  Sb2 f ib re s .
Gladden and S u th erlan d  (1989) in  t h e i r  h is to lo g ic a l  approach 
tra c e d  th e  axons to  t h e i r  endings on ch a in  f ib r e s  through  s e r i a l  
s e c t io n s  of te n u is s im u s  m u scles  by com bined l i g h t  and e le c tro n  
m icroscopy. They proposed th a t  s t a t i c  gamma axons w ith  type rib 
endings on chain f ib re s  c o n s titu te  a d is c re te  e n t i ty ,  because these 
axons had no endings on Sb2 f ib r e s .  A lso, some axons w ith  type  rib 
endings on several chain f ib re s  d id  not innervate  Sb2 f ib re s .  Gladden 
and Sutherland (1989), th e re fo re , proposed th a t  th e re  a re  th re e  types 
of s t a t i c  gamma axons: one in n e rv a tin g  predom inantly  s t a t i c  bag2 
f ib re s  w ith some chains having rib endings; a second group innervating  
chain f ib re s  mainly w ith  rib ending and the th ird  group s p e c if ic a lly  
innervating  chains, w ith  nb endings.
The purpose of th e  p re se n t work was f i r s t l y  to  in v e s t ig a te  
w hether th e  s p e c i f i c  ty p es  of in t r a f u s a l  f ib r e  can be r e c ru i te d  
re p ro d u c ib ly  from th e  same a re a s  in  th e  p e r ic r u c ia te  c o r te x  in  
d i f f e r e n t  c a t s .  Secondly, to  f in d  out w hether d i f f e r e n t  ty p es  of 
fusim otor neurones can be independently re c ru ite d  from s p e c if ic  areas 
w ith in  th e  sensorim otor cortex  of the  c a t. T h ird ly , to  f in d  out i f  
two o r th re e  ty p es  of s t a t i c  gamma motoneurones can be c o n tro lle d  
in d ep en d en tly  by th e  sen so rim o to r c o r te x  to  any d eg ree . The f in a l  
o b jec tiv e  was to  map th e  sensorim otor cortex  topograph ically .
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©IK1&IPTIIK TWO
MATERIALS a n d  METHODS
The aim  o f th e  p r e p a r a t io n  was to  re c o rd  from  m uscle  s p in d le  
a f f e r e n ts  of th e  ten u iss im u s m uscle of th e  c a t ' s  h ind  limb w hile  
s tim u la tin g  sensorim otor co rtex  to  assess  th e  na tu re  of th e i r  cen tra l 
c o n tro l th rough  gamma m otoneurones.Therefore, procedures which were 
c a rr ie d  out w ill be d iscussed  in  th e  follow ing consecutive order:
A. Surgical Procedures: F i r s t  s tag e
B. Experimental Set-up
C. Experimental Procedure: Dorsal roo ts
D. Surgical Procedure: Second stag e
E. Experimental Procedure: Sensorimotor co rtex  s tim u la tio n
Twenty th re e  c a ts  of e i th e r  sex in  th e  weight range of 2.0 to  
3.8 Kg were used fo r th e  p resen t in v es tig a tio n .
A. SURGICAL PROCEDURES: F i r s t  Stage
The f o l lo w in g  s u r g i c a l  te c h n iq u e s  w ere  common t o  a l l  
experiments and a re  given in  chronological o rder.
A naesthesia
Chi o ral ose (40 mg/kg) was used in  th e  f i r s t  and th e  l a s t  two 
experim en ts. In d u c tio n  of a n a e s th e s ia  was done by in tra m u scu la r  
in je c tio n  of a combination of V eta lar (Ketamine Hydrochloride, 22 
m g/kg) d o se  and  Rompun ( X y la z in e ,  1 .1  m g/kg) d o se  w h ich  
anaesthe tized  th e  animal deeply enough fo r  ju s t  under an hour, time 
q u ite  s u f f ic ie n t  to  cannulate the s u p e rf ic ia l vein  in  the  forelim b
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and in je c t  th e  chi o ral ose , the  tem perature of which was 40 °C while 
perfusing  i t  in to  the  body. Subsequent experiments were performed 
under b a rb itu ra te  an aes th e tic .
I n d u c t i o n  o f  a n a e s t h e s i a  by b a r b i t u r a t e s  w as by 
in t r a - p e r i to n e a l  in je c t io n  of 45 mg/kg of sodium p en to b a rb ito n e  
(S ag a ta l, May and Baker). A dditional supplements (u sually  <0.1 ml) 
were g iven  v ia  th e  in trav en o u s  can n u la , c a u tio u s ly . Supplements of 
a n a e s th e t ic  were n o t u s u a lly  n ecessa ry  fo r  th e  whole p e rio d  w hile 
carry ing  out su rg ica l procedures. A fter th i s  period  th e  animals were 
tre a te d  cau tio u sly  because i t  was of c ru c ia l importance to  m aintain a 
s a tis fa c to ry  level of anaesthesia  -  not too l ig h t  fo r  th e  animal to  
s u f f e r  and  n o t  to o  deep  t o  s i l e n c e  th e  gamma m o to n e u ro n e s ' 
spontaneous a c t iv i ty .
Shaving
Once a n a e s th e t iz e d ,  th e  c a t  was p re p a re d  f o r  su rg e ry  by 
shaving th e  forelim b, hind limbs (both medial and la te r a l  a sp e c ts ) , 
back, th ro a t region and top of th e  head w ith  fu r  c lip p e rs .
Tracheostomy
A p re trach ea l m idline in c is io n  was made through th e  sk in  from 
th e  su p raste rn a l notch to  the hyoid bone. The sk in  was re tra c te d  and 
th e  s u p e rf ic ia l muscles covering th e  trachea  were separated  by b lun t 
d is s e c tio n  to  expose the  trach ea . Any overly ing  connective t is s u e  
and th e  s id e s  of th e  tra c h e a  was c le a re d  by b lu n t d is s e c t io n .  A 
lin en  th read  was passed round the  trachea using an aneurysm needle. 
The th re a d  was then  t i e d  in  a h a l f  knot round th e  tra c h e a . The 
trach ea  was l i f t e d  by the th read  and a cu t made h a lf  way through i t
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between two c a r t i la g in o u s  r in g s  c ra n ia l  to  th e  th re a d . A sm all 
lo n g itu d in a l  c u t was g iven  to  th e  caudal r in g  in  o rd e r  to  ease  
i n s e r t i o n  o f c a n n u la  i n to  th e  t r a c h e a .  The cau d a l edge o f th e  
in c is io n  was gripped w ith Spencer-Wells forceps and a g la ss  cannula 
of a p p ro p r ia te  s iz e  was th en  s lip p e d  in to  th e  tra c h e a  and t i e d  in  
p o s itio n  w ith th e  th read . The in c is io n  was then closed w ith Michel 
su tu re  c l ip s .
Intravenous Cannulation
An intravenous cannula was in se rte d  in to  a su p e rf ic ia l branch 
of th e  c e p h a lic  v e in  of th e  r ig h t  fo re lim b . Three way ta p s  were 
a ttach ed  to  th e  end of th e  cannula to  allow syringes to  be connected. 
T his allow ed th e  in fu s io n  of supplem entary doses of a n a e s th e t ic  
when re q u ire d . Any n u t r i t i v e  s o lu t io n  (D extran o r a m ix tu re  of 
D-Glucose and sodium b icarbonate- 70 - 2.0 rmi. >) Was given through the  
same means as wel 1.
Hind limb Denervation: Femoral and O bturator Nerves
W ith  t h e  an im a l s t i l l  i n  th e  s u p in e  p o s i t i o n  i t  was 
ap p ro p ria te  to  carry  out denervation of the  medial aspect of th e  l e f t  
th ig h  a t  th i s  s tag e . An in c is io n , about 4 cm long, was made from the  
i le o p e c t in e a l  a rc h  a lo n g  th e  l i n e  of th e  fem oral n e u ro v a s c u la r  
bundle. The femoral nerve was exposed. A th in  co tton  r o l l  soaked in  
Lidocaine (2%) was looped round the femoral where i t  emerges from 
th e  d o rsa l i le o p e c t in e a l  a rc h , to  m inim ize any p o s s ib le  c e n tr a l  
e f fe c t  through a f fe re n ts  when cu ttin g  the nerve. The co tton  ro ll  was 
removed a f t e r  a minute and femoral nerve was cu t.
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The o b tu ra to r nerve gives o ff a su p e rf ic ia l branch ca lled  the 
g r a c i l i s  nerve which l i e s  in  between two adductors namely femoris and 
b r e v is  b e fo re  becom ing s u p e r f i c i a l .  I t  u l t im a te ly  su p p lie s  th e  
q r a c i l i s  muscle. Follow ing t h i s  nerve c e n t r a l ly ,  by r e t r a c t in g  th e  
muscles surrounding i t ,  enables one to  approach the  deep branches of 
th e  o b tu ra to r nerve which l i e  next to  th e  pubis. When the  su p e rf ic ia l 
and th e  th ree  deep branches of th e  o b tu ra to r nerve had been exposed, 
they were sectioned  tak ing  care  not to  cu t any major blood vesse ls  a t  
th e  same tim e. The in c is io n  was th en  c lo se d  w ith  s u tu re s ,  r a th e r  
than c l ip s  which might occlude the  femoral a r te ry  by p ressure during 
th e  course of th e  experiment.
The same procedure was c a rr ie d  out to  denervate the  r ig h t hind 
limb as w ell, in  case the  l e f t  h ip  denervation d id  not go w ell. This 
avoided having to  tu rn  th e  animal back to  th e  supine p o s itio n  to  cut 
th e  femoral and o b tu ra to r nerves.
Cannulation of th e  Right Femoral A rtery
The r ig h t  femoral a r te ry  was cannulated by sep ara tin g  i t  from 
th e  fem oral nerve  and v e in  over th e  upper h a lf  of th e  th ig h . Two 
p ieces of lin en  thread  were passed under th e  a r te ry  each one a t  the 
upper and lower ends of th e  freed  a r te ry . The lower end th read  was 
then l ig a te d  and th e  upper one h a lf  t ie d .  A p a ir  of Spencer-Wells 
forceps were clamped on th e  a r te ry  ju s t  above the  upper l ig a tu re . 
The a r t e r y  was opened between th e  l ig a tu r e s  and a w hite  (o r  r e d ) -  
lu e r  ny lon  cannula (P o rtex ) was in s e r te d .  The upper l ig a tu r e  was 
made firm  b u t no t t i g h t  around th e  can n u la , and th e  Spencer-W ells 
forceps removed. The cannula was passed up the  a r te ry  u n ti l  the  t ip
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was e s tim a ted  to  be a t  o r n ea r th e  b i fu r c a t io n  of th e  a o r ta .  The 
upper l ig a tu re  was then made secure. The sk in  in c is io n  was su tured  
and th e  animal was turned over to  l i e  prone on the  operating  ta b le .
The n ex t th re e  p rocedures were fo llow ed  in  experim ents in  
which muscle sp ind les were iso la te d .
Iso la tio n  of Muscle Spindles in  Tenuissimus Muscle
In  a s e r i e s  o f  e x p e r im e n ts  i n  w h ich  th e  s p in d l e s  o f 
ten u iss im u s m uscle were to  be d i r e c t ly  v is u a l iz e d ,  uncovering of 
muscle sp ind les  had to  be performed. The long process of uncovering 
of muscle sp ind les was c a rr ie d  out by Dr. Gladden. Although I le a rn t 
t o  l o c a t e  m u sc le  s p in d l e s  i n  th e  te n u is s im u s  m u sc le , th e s e  
experiments req u ire  ex tensive m icrod issec tion  to  uncover the  sp ind les 
s u f f i c i e n t ly  to  id e n t i f y  th e  in t r a f u s a l  f ib r e s  and reco rd  t h e i r  
movements while avoiding damage to  th e i r  nerve supply, th is  requ ired  
considerable experience. The ca ts  in  th is  s e r ie s  of experiments d id  
not undergo the  p receding  s u rg ic a l  p rocedure  ( e . i . ,  laminectomy or 
ex tensive  hind limb denervation).
Once the  procedures mentioned above were ca rrie d  ou t, the  ca t 
was tu rn e d  over to  th e  prone p o s i t io n .  An in c is io n  was made from 
ju s t  below th e  base of th e  t a i l  over th e  p o s te r io r  a sp e c t of th e  
th ig h  to  th e  p o p lite a l fo ssa . The la te r a l  edge of biceps femoris was 
fre e d  along  i t s  edge by b lu n t d is s e c t io n .  The b icep s  fem oris was 
r e f le c te d  m ed ia lly  to  expose th e  s c i a t i c  nerve  and ten u iss im u s 
muscle. The muscle was d issec ted  free  from surrounding t is s u e  and 
re f le c te d  in to  a g la ss  bottom ed b a th  c o n ta in in g  Krebs s o lu t io n  ( in  
mM): NaCl, 119; KCl, 4 .7 ; KH2 PO4 , 1 .2 ; NaHC03 , 24.8; CaCl2 , 2 .5;
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MgS0 4  , 1.2 and glucose, 1 g /1 ; e q u ilib ra te d  w ith a 95% 02, 5% OO2 gas 
m ixture. The s c ia t i c  nerve was severed below the  tenuissim us nerve, 
and i t  was a ls o  n ecessa ry  to  c u t th e  nerves to  b icep s  fem o ris , 
semitendinosus and semimembranous to  fre e  the  muscle w ith the s c ia t i c  
nerve p ed ic le  so th a t  i t  could be e x te r io r ise d . The bath  was mounted 
on a microscope s tage  and the  muscle was illum inated  from below.
The tenuissim us muscle normally receives i t s  blood supply from 
branches of the  g lu te a l ,  deep femoral and p o p lite a l a r te r ie s .  Where 
th e  m uscle was d is s e c te d  f re e  and r e f le c te d  in to  th e  b a th  th e se  
v a s c u la r  s u p p l ie s  w ere s e v e re d . However, a c e r t a i n  amount of 
v a sc u la r  r e - ro u t in g  u s u a lly  took p la c e  and th e  small blood v esse ls  
serv ing  th e  s c ia t i c  nerve and th e  tenuissim us muscle nerve provided 
an adequate blood supply to  the  p o rtio n  of muscle in  the  bath .
Once the  tenuissim us muscle was in  the bath , a sp ind le  f lu id  
s p a c e  was lo c a t e d  u n d e r  a b i n o c u l a r  d i s s e c t i n g  m ic ro s c o p e  
(W ild-Heerbrugg). In most tenuissim us muscles the  f lu id  spaces could 
not be seen a t  th i s  s tag e . The e x tra fu sa l f ib re s  of th e  tenuissim us 
muscle were removed u n ti l  th e  f lu id  spaces of muscle sp ind les became 
c le a r ly  v i s i b l e  and th e  in t r a f u s a l  f ib r e s  could th en  be d i r e c t ly  
o b se rv ed  u s in g  a h ig h  power l i g h t  m ic ro sco p e  o r /a n d  c o u ld  be 
d isp layed on a TV m onitor (P h il l ip s )  and a t  the  same time recorded on 
v id eo tap e  (v id e o c a s s e tte  re c o rd e r , UVCSR, model CR-8200E; w idth of 
t h e  v i d e o c a s s e t t e  t a p e s  19 mm ( 3 / 4 )  o r  VHS F e r g u s s o n  
V ideo reco rder)-fig  1. U sually th re e  muscle sp ind les  were d issec ted .
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F ig  1. Diagram  of th e  s e t- u p  used  f o r  i s o l a t e d  m uscle  s p in d le  
experiments. A. Devices from top to  bottom are : D ig itim er, 
Neurolog s e t ,  I s o la te d  S tim u la to r and S tim u la tin g  Monopolar 
E lectrode. B. Devices are : Video Copy Processor, V ideocassette  
P layer, M onitor, Videocamera, Light Microscope and the Muscle 
Bath.
A. Stimulus Control 8. Video Recording and 
Processing
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Id e n tif ic a tio n  of In tra fu sa l F ibres
N u c lea r c h a in  f i b r e s  co u ld  e a s i ly  be d is t in g u is h e d  from 
n u c le a r  bag f ib r e s  by t h e i r  sm a lle r  d iam eter. I t  was sometimes 
p o s s ib le  to  d i s t i n g u i s h  betw een Dbi and Sb2 f i b r e s  by t h e i r  
mechanical behaviour (Boyd, Gladden and Ward, 1977). I f  th is  was not 
p o ssib le  during th e  experiment, the  bag f ib re s  had to  be id e n tif ie d
V
h is to lo g ic a lly  a f te r  the  experiment was fin ish ed .
A c c o rd in g  to  B a rk e r  e t  a l . (1 9 7 6 a) th e  Dbi f i b r e  i s
c h a r a c t e r i s t i c a l l y  d is s o c ia te d  from Sb2 and chain  f ib r e s  in  th e  
e q u a to r ia l  r e g io n .  In d eed , each  of th e  Dbi and Sb2 f i b r e s  was 
s e p a ra te d  from th e  ch ain  f ib r e s  in  in d iv id u a l compartments of th e  
in n e r  c a p su le . However, th e  Dbi f ib r e  i s  s a id  to  be c o n s is te n t ly  
non-aligned w ith the  chain and Sb2 f ib re s  throughout th e  eq u ato ria l 
and ju x ta -e q u a to r ia l  reg io n s  (Barker e t  a l . ,  1976). I t  i s  w orth 
no ting  th a t  d iffe ren ces  in  the diam eters of the  Dbi and Sb2 f ib re s
can n o t be a r e l i a b l e  d i f f e r e n c e ,  f o r  i t  i s  to o  i n c o n s i s t e n t .
However, Gladden (1976) showed th a t  th e  e l a s t i c  t i s s u e  round Sb2 
f ib r e  i s  co n s id e rab ly  more in  th e  p o la r  reg io n s  compared to  t h a t  
around th e  Dbi f ib r e ,  which p rov ides an o th er a l t e r n a t iv e  way to
d is tin g u ish  between the  two nuclear bag f ib re s  (see fig u res  48 and
49).
H is to lo g ica l Procedure
Four ten u iss im u s  m uscles were ex c ised  and th e  whole muscles 
w ere f ix e d  w i th o u t  f u r t h e r  d i s s e c t i o n  f o r  12 h o u rs  a t  room 
tem perature. Specimens were then postfixed  w ith osmium te tro x id e  (pH 
7 .4 ) ,  dehydra ted  in  e thano l and fla t-em beded  in  A ra ld ite  r e s in .  
Transverse 1-2 pro th ic k  s e r ia l  sec tio n s  were cut from approximately
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one p o le  of th e  m uscle s p in d le  to  th e  o th e r  u s in g  a R e ich e rt-Ju n g  
u ltra to m e  (model 2050). The s e c tio n s  were then  s ta in e d  w ith  1% 
to lu id in e  b lu e , and s tu d ie d  u s in g  a l ig h t  m icroscope w ith  X40 and 
X100 o i l  o b jec tiv es .
Laminectomy
The purpose of the  laminectomy was to  expose the  sp ina l cord 
and i t s  ro o ts  w ithou t damaging them and w ith  th e  minimum lo s s  of 
blood. A m idline sk in  in c is io n  was made along the  v e rteb ra l column 
from L4 to  th e  sacrum. The sk in  on bo th  s id e s  was f re e d  from th e  
underlying fa sc ia  by b lun t d isse c tio n . With the  sk in  f la p s  p u lled  
back, cutaneous nerves emerging from the body wall and running to  the  
sk in  on th e  l e f t  and r ig h t s id es  of the  animal were located  and cu t. 
Two p a ra l le l  in c is io n s  of the  same length  as the  sk in  in c is io n  were 
made on e i th e r  s id e  of the  dorsal processes of the  lumbar v erteb rae . 
The long issim us d o rs i  m uscles on bo th  s id e s  were se p a ra te d  from 
lumbar m u ltifid u s  muscles of th e  v e rteb ra l column, and held  as id e  by 
re tra c t in g  hooks ( f ig  2 ,A). The m u ltifid u s  muscles were then c leared  
from th e  v e r te b ra l  column and removed and th e  long issim us d o rs i  
muscles were denervated. To begin the  laminectomy, the  jo in t  between 
SI and L7 was opened by g r ip p in g  th e  L7 sp in o u s  p ro c e s s  in  
Spencer-W ells fo rcep s  and l i f t i n g  th e  v e r te b ra l  column as much as 
p o ssib le . L if tin g  th e  v e rteb ra l column encouraged th e  sp inal cord to  
rem ain on th e  f lo o r  of th e  v e r te b ra l  c a n a l, out of th e  way of th e  
bone n ib b le rs . One jaw of a la rge  p a ir  of n ib b le rs  was in se r te d  
in to  th e  jo in t  and the  bone forming the  wall of L7 was cu t away 
which exposed th e  dorsal long itud inal ligam ent. C utting the  dorsal 
long itud inal ligament by using a pointed p a ir  of s c is so rs  allowed the
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2. A. The exposed v e r te b ra l  column from th e  r ig h t  s id e .  The 
spinous processes of verteb rae  L5, L6, L7 and SI re sp ec tiv e ly  
a re  v is ib le  from r ig h t to  l e f t .  B. The exposed sp ina l cord, 
a f te r  completion of the  laminectomy, in  p a ra ff in  p o o l.

use  o f a sm all bone n ib b le rs  to  remove th e  r e s t  of th e  v e r te b ra .  
Each v e r te b ra  from L7 to  L5 was removed in  a s im ila r  fa sh io n  ( f ig  
2,B). Any jagged edges of bone were trimmed with a small p a ir  of bone 
n ib b le r s .  The cord was then  covered w ith  a m oist swab (o r  c o tto n  
r o l l )  and th e  in c is io n  c lo sed  w ith  Michel su tu re  c l ip s .  Note th a t  
u n l ik e  th e  th r e e  p re v io u s  p ro c e d u re s  th e  f o l lo w in g  s u r g i c a l  
p r o c e d u r e s  w ere  c a r r i e d  o u t on c a t s  u n d e rg o in g  th e  d o r s a l  
ro o t-reco rd in g  experiment.
Hind limb Denervation: S c ia tic  Nerve
With th e  c a t in  the  prone p o s itio n  an in c is io n  was made from 
ju s t  below th e  base of the t a i l  over the p o s te r io r  aspect of th e  l e f t  
th ig h  to  2 cm below p o p l i te a l  fo ssa . By b lu n t d is s e c t io n  w ith  
s c i s s o r s ,  th e  l a t e r a l  edge of b iceps fem oris was f re e d  along i t s  
le n g th  and th e  m uscle was r e f le c te d  m ed ia lly  to  expose th e  th ic k  
s c ia t i c  nerve. At th is  po in t i t  was usually  po ssib le  to  see th e  th in  
tenuissim us muscle as i t  crossed the  f a t  pad in  the  p o p lite a l region. 
The s c i a t i c  nerve was exposed by b lu n t d is s e c t io n  between g lu te u s  
maximus and b icep s  fem o ris . The g lu te a l  m uscles were l i f t e d  u sin g  
forceps to  expose th e  s c ia t i c  nerve as much c e n tra lly  as p o ss ib le . I t  
was th e n  th e  t im e  when th e  t e n u is s im u s  c o u ld  b e s t  be  s e e n .  
Tenuissimus (abductor c ru r is  caudal i s )  muscle o rig in a te s  from th e  t i p  
of th e  tra n sv e rse  process of the  second caudal v erteb ra  and in s e r ts  
w ith  b ice p s  fem oris in to  r a th e r  more than  one th i r d  of th e  d o rsa l 
b o rd e r of th e  t i b i a  along i t s  l a t e r a l  m argin. I t  a c ts  as a weak 
abductor and extensor of the  th ig h  and as a weak flex o r of the  shank. 
I t  i s  in n e rv a te d  by a branch of th e  s c i a t i c  nerve  and sometimes a
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second  n e rv e  h ig h e r  up in  th e  s c i a t i c  and r e c e iv e s  i t s  a r t e r i a l  
s u p p ly  from  b ra n c h e s  o f  th e  c a u d a l g l u t e a l ,  deep  fem o ra l and 
p o p li te a l  a r t e r i e s .
The f i r s t  nerves cu t were those  s o -c a lle d  caudal and c ra n ia l 
g lu te a l  n e rv e s  which b ran ch  o f f  th e  s c i a t i c  tru n k  even b e fo re  i t  
comes out of g re a t s c i a t i c  no tch  ( f ig  3 ) . The nex t nerves cu t were 
caudal femoral cutaneous, caudofem oralis and gem elli n e rves, th e  l a s t  
two supply ing  caudof emoral i s  and gem elli m uscles re sp e c tiv e ly . Then, 
th e  m uscular branch go ing  to  th e  sem im em branous/sem itendinosus and 
b icep s  fem oris group of muscle was cu t ( f ig  3 ).
Tenuissimus nerve was then  id e n t i f ie d  and th e  s c i a t i c  was cu t
2 cm below th e  p o in t  o f te n u iss im u s  b ran c h in g . Local a n a e s th e t ic ,
L idocaine (2%), was ap p lied  to  th e  s c i a t i c  nerve b efo re  c u tt in g  to  
p reven t any p o ss ib le  e f f e c t  on c a rd io v ascu la r and pulmonary system s.
As a f in a l  check, th e  laminectomy in c is io n  was opened and th e
L7 and SI v e n tra l ro o ts  s tim u la te d . A su ccessfu l denervation  would
r e s u l t  in  only th e  tenu issim us muscle tw itch in g . O ccasionally  some 
t a i l  and upper h ip  m uscles tw itc h e d  a s  w ell a s  te n u is s im u s  and so  
a ttem p ts  were made to  cu t th e se  in ta c t  nerves to  g ive  as an ex ten s iv e  
limb d enervation  as p o s s ib le , leav ing  only th e  nerve to  tenu issim us 
m uscle  i n t a c t .  The caudal end o f th e  te n u iss im u s  was f re e d  and a 
th re a d  was t i e d  to  i t  as  caudal as p o s s ib le  in  o rder to  a t ta c h  th e  
m uscle  to  th e  p u l l e r  l a t e r  on. The s k in  in c i s io n  was c lo se d  w ith  
Michel su tu re  c l ip s .
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3. Diagram of th e  l a t e r a l  a sp ec t of th e  h ind  limb o f th e  c a t  
showing branches of s c i a t i c  nerve severed  in  p rep ara tio n  fo r 





Fixing th e  Cat to  the Experimental Frame
B efore removing th e  c a ts  from th e  o p e ra tin g  ta b le  to  th e  
e x p e r im e n ta l  f ra m e , a k n i t t i n g  n e e d le  was i n s e r t e d  betw een  
in te rs p in o u s  ligam ent 5 cm c ran iad  to  th e  laminectomy. A second 
needle was passed underneath the p e lv ic  bone, through th e  body cav ity  
to  su p p o rt th e  h ip  bone in  fram e. A fte r  su rg e ry , th e  animal was 
tra n s fe rre d  to  the  frame ( f ig  4).
C a ts  w ere mounted in  a c o n v e n tio n a l s t e r e o t a x i c  fram e
(N arish ig e ). This involved the  in se r tio n  of ear bars as f a r  as the
m iddle e a r ,  two b a rs  p o s itio n e d  on th e  lower o r b i t s  and one b a r 
p o s it io n in g  between th e  can ine te e th  su p p o rtin g  th e  m a x illa  to  
ensure th a t  th e  head does not move (or r o l l )  when attem pts a re  taken 
to  remove th e  bone from the  skul 1.
B. EXPERIMENTAL SET-UP
Temperature and Blood Pressure Control
I t  was n e c e s s a ry  to  p re v e n t a s te a d y  f a l l  i n  th e  body 
tem p era tu re  of th e  animal by supp ly ing  h e a t ,  from above, by two
i n f r a r e d  l a m p s  m o u n t e d  on a f r a m e ,  one  o f  w h i c h  w as a
th e rm o sta tic a lly  co n tro lled  lamp which would have been au tom atically  
switched o ff  i f  th e  tem perature was about normal (36±1°C) o r h igher. 
The tem perature was monitored throughout the experiment w ith  a  re c ta l  
th erm isto r.
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Fig 4, Animal in  the  experimental frame showing sp ina l pool, sk u ll 
pool and th e  p o s itio n  of d if fe re n t e lec tro d es .

The cannula  in  th e  r ig h t  fem oral a r te ry  was f lu sh ed  w ith  
h e p a r in iz e d  s a l i n e  and th e n  co n n ec ted  to  a p re s s u re  tra n sd u c e r  
(E lcom atic EM752) which was in  tu rn  connected to  a p re ssu re  
m onitor. The alarm  of th e  p ressu re  monitor device was a lso  s e t  to  the  
minimum of 70 rnrrHg.
Hind limb Arrangement
The hind limb had to  be arranged to  allow easy access to  the  
tenuissim us muscle so th a t  s tim u la tin g  e lec tro d es, and, la te r  on the  
muscle p u lle r  could be used. A su rg ica l forceps was attached  to  the  
f re e  edge of th e  b icep s  fem o ris . The fo rcep s  was then  taped  to  
surrounding apparatus.
A f le x ib le  f l a t  p la s t ic  tape  bearing two tin y  recording w ires 
on i t s  su rface  was passed underneath the  tenuissim us muscle in  a way 
th a t  i t  would not d is tu rb  th e  muscle in  any way whatsoever. In o ther 
words th e  tenuissim us muscle was laying on i t  f re e ly . The purpose of 
i t  was to  record EMG during th e  course of c o r tic a l s tim u la tio n . I t  
could a lso  be moved to  a d if fe re n t  p a r t of th e  muscle as d esired .
C onstruction of th e  Spinal Pool
The laminectomy in c is io n  was re-opened. An oval-shaped pool 
was formed by a ttach in g  a s t r i p  of X-ray film  to  th e  skin  f la p s  of 
the  laminectomy in c is io n  by Michel su tu re  c l ip s  ( f ig  2,B). Liquid 
p a r a f f in  a t  37°C was th en  poured in to  t h i s  p o o l, so covering  th e  
sp inal cord. The th erm isto r was sometimes placed in  the pool in s tead  
of th e  rectum , to  m a in ta in  th e  tem pera tu re  of t h i s  pool a t  about 
37°C.
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R etrac tio n  of th e  Dura and Exposure of the  Spinal Cord
With the  a id  of a d issec tin g  microscope, an in c is io n  was made 
in  th e  dura and extended along the  fu ll  length  of the  exposed sp inal 
cord, care  being taken not to  rupture any of the small blood v esse ls  
overly ing  the  sp inal cord. The l e f t  hand f la p  of the  in c ised  dura 
was th en  r e t r a c te d  and cu t tra n s v e rs e ly  in  2-3 p la c e s  along i t s  
leng th  to  f a c i l i t a t e  exposure of the dorsal ro o ts .
C. EXPERIMENTAL PROCEDURE: Dorsal Roots
The f i r s t  s tag e  involved cu ttin g  the  dorsal ro o ts  L7 and SI as 
c lo se  to  th e i r  en try  in to  the  sp inal cord as p o ssib le  ( f ig  5 ). L6 
was a lso  cu t to  prevent any re f le x  a c t iv i ty  tak ing  p lace . I t  was of 
course e s se n tia l to  keep the  v en tra l roo ts  in ta c t .
A s in g le  p a i r  of s i l v e r  e le c tro d e s  were lowered in to  th e  
sp ina l pool and a p a ir  of s tim u la tin g  e lec trodes were placed on the 
nerve to  tenuissim us muscle. A stim ulus pu lse  (u sua lly  of 0.02 msec 
d u ra tio n )  was g en era ted  th rough  an i s o la te d  s tim u la to r  (D evices 
Sales) which was co n tro lled  by a d ig itim er (D4030 Device Sales) The 
d ig i t im e r  a ls o  p rov ided  t r ig g e r  and ga ted  p u lse s  fo r  th e  m uscle 
p u l l e r ,  N eurolog p u lse  g e n e ra to r  and a lso  t r ig g e r  p u lse  fo r  th e  
o sc illo sco p e  (Tektronix).
The nerve to  the  muscle being s tud ied  was stim ulated  d ire c t ly  
and evoked a c t io n  p o t e n t i a l s  were so u g h t f o r  in  a l l  n a t u r a l l y  
o ccu rrin g  f ila m e n ts  of L7 and SI d o rsa l ro o ts .  In d iv id u a l n a tu ra l  
ro o tle ts  of the  dorsal roo ts were teased  free  and placed in  tu rn  on 
b ip o la r  reco rd in g  e le c tro d e s  in  th e  sp in a l po o l. The e l e c t r i c a l  
a c t i v i t y  o f e a c h  r o o t l e t  was a m p l i f i e d  (1000 t im e s  u s in g  a
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Fig 5. The carp ie ted  p a ra ff in  pool w ith l e f t  sp inal ro o ts  L7 and SI 
severed from th e  cord.

p re -a m p lif ie r )  and d isp lay ed  on one beam of th e  T ek tron ix  502A 
o s c il lo s c o p e . The d ig it im e r  tr ig g e re d  th e  o sc illo sc o p e  every 500 
msec, 1 msec before the  stim ulus was applied  to  the  muscle nerve. The 
o s c il lo s c o p e  sweep speed was s e t  i n i t i a l l y  to  1 m sec /d iv is io n  and 
ro o tle ts  which showed regu lar evoked p o te n tia ls  1 to  5 msec following 
th e  m uscle nerve  shock were i s o la te d .  These r o o t le t s  were then  
subdivided to  g ive f ila m en ts  which con ta ined  only a c t iv e  a f f e r e n ts  
from tenuissim us muscle. O ccasionally some of these  "s in g le  f ib re "  
filam ents contained o ther a c tiv e  f ib re s  which were "separated" from 
th e  I a f ib r e  by use of th e  window d is c r im in a to r .  When a " s in g le  
f ib re "  filam ent was iso la te d , a t in y  p iece of coloured s i l k  was t ie d  
to  th e  end of i t  to  a c t as a marker.
A fferen t f ib re s  from tenuissim us primary sensory endings were 
d is t in g u is h e d  from o th e r  a f f e r e n t  f ib r e s  on th e  b a s is  of having 
conduction v e lo c it ie s  over 75 m/sec. The conduction v e lo c ity  of each 
f ib re  s tu d ied  was ca lcu la ted  from the  time delay between the  moment 
of s tim u la tin g  th e  muscle nerve and the  s t a r t  of the  r is in g  phase of 
the  a c tio n  p o ten tia l recorded from the  sp inal roo t filam en t, w ith no 
allow ance made fo r  th e  u t i l i z a t i o n  tim e of th e  f ib r e .  A rough 
estim ate  of the  conduction v e lo c ity  of a f ib re  could be made during 
the  experiment knowing th a t the  conduction d istan ce  from the  sp inal 
ro o ts  to  tenuissim us was approximately 12±1 cm.
Primary a f fe r e n ts  from f le x o r  d ig ito ru m  longus (FDL) m uscle 
s p in d le s  w ere d is t in g u is h e d  from  lb ten d o n  o rg an  a f f e r e n t s  by 
inducing  a tw itc h  in  th e  p a re n ta l  m uscle, FDL. I t  was e a s ie r  to  
recognize Ia 's  from l b 's  by v ib ra tio n  of the  FDL tendon w ith 100 Hz 





















































Right sensorim otor cortex was usually  exposed and stim ulated . ;
j
P o in ts  of s tim u la tio n  were marked w ith  numbers in  o rd er to  make !
communication e a s ie r .  I t  was rep o rted  p rev io u sly  (Mortimer and
Akert, 1961) th a t  the  tenuissim us ex trafusal muscle f ib re s  are  more j
l ik e ly  to  be r e c ru i te d  (w ith  o r w ithout in t r a f u s a l  f ib r e s )  i f  any j
poin t in  o rb ita l  gyrus (a n te r io r  to  c ru c ia te  sulcus) i s  stim ulated . 
Therefore, exposure of the  cerebrum was ca rried  out to  an extent ju s t 
enough to  have access  to  only  3-4 mm of o rb i ta l  gy rus, and no t j
further forward. Posteriorly,enough was removed to stimulate the anterior I
p a r t of th e  suprasy lv ian  and marginal g y ri.
C onstruction of th e  Head Pool
A metal loop of 10 cm diam eter was mounted on the body frame
on top  of th e  s k u l l .  The r e t r a c te d  sk in  was t i e d  round th e  metal
loop using su rg ica l th read . Liquid p a ra ff in  a t  37°C was introduced to  
th is  pool befo re  any attem pts were made to  remove the dura.
A s lig h tly -b e n t syringe needle was used to  l i f t  the  dura to
avoid any p o ssib le  harm to  the  surface of the  cortex. The cut dura
was th e n  r e t r a c t e d  and p ia -c o v e re d  s e n so r im o to r  co rtex  exposed 
completely ( f ig  7 ).
E. EXPERIMENTAL PROCEDURES: Sensorimotor Cortex
F ig u re  8 shows most of th e  dev ices used during  th e  d o rsa l 
root recording experim ents.
60
7 . The co m p le ted  p a r a f f i n  pool o f th e  s k u l l  show ing th e  
p e r i c r u c i a t e  c o r te x  and  th e  s p r in g -m o u n te d  s t i m u l a t i n g  
e lec tro d e .

Fig 8. Devices used during dorsal roo t recording experim ents. From 
top to  bottom: Temperature and Blood P ressure Recording Device, 
O scilloscope, Neurolog s e t ,  D is tr ib u to r , Pulse-Height Analyzer, 
D ig ita l O scilloscope, D igitim er and a Power O sc illa to r  a t  th e  
very bottom.

Setting-Up th e  P u lle r
The th re a d  on th e  d i s t a l  end of th e  tenu issim us muscle was 
t i g h t l y  c o n n ec te d  to  th e  p u l l e r  which was d r iv e n  by a power 
o s c i l l a t o r  (TPO, 25) which i t s e l f  was c o n tro lle d  e x te rn a lly  by a 
gated tr ig g e r in g  pulse o r ig in a lly  from the d ig itim er and modulated by 
a wave-form generator (Servomex C ontrol).
C ortica l S tim ulation
F ig u re  9 d isp la y s  p o in ts  of s tim u la tio n  by th e i r  numbers. 
Fourteen p o in ts  were chosen conventionally> the f i r s t  two of which 
were located  on the  o rb ita l  gyrus, 1 nm forward to  c ru c ia te  sulcus 
and 2 mrt ap a rt from one another. Point 3 was 1 rtm p o s te rio r to  where 
usually  the  c ru c ia te  sulcus term inates la te ra l ly .  Point 5, a t  the 
same level coronally , but very c lose to  m idline. Point 4 somewhere 
in  th e  m iddle of p o in ts  3 and 5. P o s tc ru c ia te  dim ple (Pcd) was 
numbered 8 and p o in ts  9, 7 and 10 lay la te r a l ,  medial and p o s te r io r  
to  th e  d im p le  r e s p e c t iv e ly .  P o in t 6 i s  1 mm a n te r io r  to  th e  
term ination  po in t of ansate  su lcus which a lso  i s  2 nm p o s te r io r  to  
poin t 5. Three loca tions on marginal gyrus were numbered 11, 12 and 
13 caudally  and the  l a s t  p o in t, 14, was located on a n te r io r  edge of 
suprasylv ian  gyrus.
The cortex  underlying p o in ts  12-14 i s  le ss  lik e ly  to  have any 
r o le  in  fu s im o to r  c o n t r o l ,  f o r  i t  r a r e ly  evoked any fu s im o to r  
resp o n ses, i f  a t  a l l .  T h e re fo re , i t  seems reasonab le  to  g ro ss ly  
loca te  th e  boundary of sensorim otor cortex which has influence on the  
fusim otor system somewhere on ansate  su lcus, or a t  most 1 nm beyond 
i t  p o s te r io r ly .
61
Fig 9. Diagram of the  r ig h t f ro n ta l cortex  of the  c a t .  The numbers 
show th e  main p o in ts  of s tim u la t io n . C ru c ia te  su lc u s  l i e s  
behind p o in ts  1 and 2 and ansate  su lcus almost ends a t  po in t 6. 
P o in t 8 rep resen ts  p o s tc ru c ia te  dimple (P cd).

The s t i m u l a t i n g  p u ls e s  w ere d e r iv e d  from  a N eu ro lo g  
s t im u la to r  s u p p ly in g  a s tim u lu s  i s o l a t i o n  u n i t  w ith  a co n s ta n t 
cu rren t o u tp u t, which provides automatic compensation fo r changes in  
t is s u e  re s is ta n c e  a t  the  electrode t ip s .  The Neurolog s tim u la to r was 
i t s e l f  c o n tro lle d  by th e  d ig itim e r  in  o rder to  p rov ide  a ga ted  
s tim u la tin g  p u lse , u sually  between seconds 3-8 of the 12-sec cycle 
period .
Surface stim ulus curren t of 0.3-3 mA and ra re ly  up to  4mA 
was app lied  through the platinum ball electrode (tip diameter of 0.6 mm) both 
cathodally  and anodally  s ta r t in g  from a low cu rren t ( f ig  7 ). The 
o ther po le  of s tim u la tin g  electrode was attached to  the bulk of the 
cut tem poralis muscle using a p a ir  of crocodile c l ip s .
I t  was experienced in  the early  experiments and a lso  reported 
in  previous works (Gladden and MdWilliam, 1977a,b) th a t i t  i s  le ss  
l i k e l y  to  g e t  a fu s im o to r  re sp o n se  i f  th e  c a t  i s  to o  deep in  
an aesth esia . U sually, attem pts were made to  s tim ulate  the  cortex  when 
th e  c a t  was l i g h t  enough to  respond  weakly to  a f a i r l y  s tr o n g  
p re s su re  a p p lie d  to  th e  forepaw pad. On th e  o th e r  hand i f  th e  
withdrawal re f le x  of the  forepaw was too strong , then supplementary 
doses of anaesthesia  were given, in  order to  prevent any su ffe rin g . 
Therefore, under b a rb itu ra te  anaesthesia one can only s tim u la te  the  
co rte x  p ro p e rly  in  a s h o r t  window of tim e, averaging  about 10-15 
m inutes.
Stimulus param eters were chosen c a re fu l ly  to  be in  th e  most 
e f f e c t i v e  ra n g e , a c c o rd in g  to  th e  e x p e r ie n c e s  of o th e r  workers 
(Jansen  and M atthews, 1962; Koeze, 1968; Grigg and P res to n , 1971; 
Vedel and M o u illa c -B au d e v in , 1970; Koeze, 1973; G ladden and 
MdWilliam, 1977a). Frequency and pulse width were changed w ithin  a
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ra n g e  o f 100 250 Hz and 0 .2 - 0 .3  msec r e s p e c t i v e l y  in  some 
experim ents; however, s in c e  changing th e  param eters had no obvious 
e f f e c t ,  th en  frequency of 200 Hz and p u lse  w idth of 0 .2  msec were 
chosen to  be th e  ro u tin e  stim ulus parameter.
A low stim ulus curren t was chosen a t  the very beginning and 
increased  i f  no fusim otor a c t iv i ty  could be rec ru ited . Most of the 
anim als were re sp o n siv e  to  a c u rre n t of 2 .0  mA. I t  was necessary  
ra re ly  to  in crease  the cu rren t to  a level above 3.0 mA and usually  no 
responses were obtained below 0.5 mA.
S urface  p o s i t iv e  (anodal) and su rfac e  n eg a tiv e  (ca th o d a l) 
s tim u li  were a p p lie d  to  th e  c o r te x . I t  was found th a t  most of th e  
tim e, anodal p u lse s  were more e f f e c t iv e  and d id  no t need to  be 
in c re a se d  beyond a c e r ta in  1e v e l , whereas in  th e  case of cathodal 
s tim u la tio n , the  same response could only be obtained with a higher 
c u r re n t.
Not a l l  th e  a ffe re n ts  s tud ied  contributed  to  the  re s u l ts .  Some 
of th e  a f fe re n ts  were not a ffec ted  by c o r tic a l s tim ulation  a t  a l l .  
Fig 10 dem onstrate th a t 20 out of 73 a ffe re n ts  remained unaffected 
by c o r tic a l  s tim u la tio n .
C ortica l Recording
In a few experiments tenuissim us and flexor digitorum  longus 
(FDL) nerves were stim ulated  a t  two stim ulus leve ls: one a t  s l ig h tly  
above group I a f f e r e n t  th re sh o ld  and th e  o th e r a t  X4 th re sh o ld . 
C o r tic a l evoked p o te n t ia ls  in  a boundary shown in  f ig  11 ,A were 
recorded by means of a un ipo lar s i lv e r  b a ll e lec trode. The emphasis 
was on the  p o s itio n s  of hind limb group I a ffe ren t p ro jec tio n  areas 
introduced by Landgren and S ilfven ius on 1969 ( f ig  11,B).
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Fig 10. Diagram of th e  to ta l  number of tenuissim us a f fe re n ts  in  each 
ex p e rim e n t and a l s o  th e  ones t h a t  w ere n o t re sp o n d in g  to  
s tim u la tio n  of th e  p e r ic ru c ia te  co rtex . Number of experiments 
i s  given in  chronological o rder. The c a ts  in  experiments 21 and 
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11. A. Area of th e  r ig h t  c o r te x  where a ttem p ts  were made to  
record  su rface  evoked p o te n tia ls .  B. Diagram of th e  dorsal 
and  m e d ia l a s p e c t s  o f  th e  r o s t r a l  p o le  o f a c e r e b r a l  
hemisphere. The lo ca tio n  of th e  p ro je c tio n  areas of th e  group
I muscle a f fe r e n ts  from th e  c o n t r a la te r a l  fo re lim b  a re  shown 
s tip p le d  and from th e  hind limb hatched. H orizontal hatching: 
a re a  of q u ad ricep s . V e r t ic a l  h a tc h in g : a re a  of p o s te r io r  
b ic e p s -se m ite n d in o su s . S . c r . ,  c r u c ia te  su lc u s  (B taken from 





A 4-channel EM tape recorder (3960 instrum entation recorder, 
H ew le tt, Packard) was used to  s to r e  th e  d a ta  fo r  fu r th e r  a n a ly s is  
( f ig  6). The f i r s t  two channels usually  had the afferents*  inputs 
while th e  th ird  channel belonged to  the RAMP signal and the fo rth  to  
synchronizing pu lse . I t  was c ru c ia l to  have synchronizing pulse on 
one of th e  channels s to red , fo r i t  was necessary in  fu rth e r analysis  
of th e  d a ta .
In the  case of iso la te d  muscle spindle experiments, an Umatic 
or a VHS videorecorder was used to  s to re  p ic tu res  of movements and 
replayed la te r  fo r  carefu l (frame to  frame) observations.
Analysis of Data
An IBM Personal Computer f i t t e d  w ith  a d ig i ta l  in p u t/o u tp u t 
in te rfa c e  card was used to  c o lle c t the data ( f ig  6). The sp ik e -tra in s  
to  be analyzed  were fed  in to  Neurolog S pike-T rigger u n its  ( a t  th e  
tim e of experim ent o r l a t e r )  and th e  g a te  p u lses  from th e se  u n its  
were fed in to  th e  d ig i ta l  in te rfa c e  card. The time of occurrence of 
each sp ike  was recorded and sto red  in  a f i l e  on the computer's d isk  
fo r an a ly s is  and graph p r in ts .
Each computer f i l e  co n sis ts  of a response of an a ffe re n t to  
stim u la tion  of a s p e c if ic  po in t on the sensorimotor cortex and the 
preceding and subsequent responses to  s tre tc h e s  fo r  comparison. To 
d e te rm in e  th e  c h a r a c te r  of an i n t r a f u s a l  e f f e c t  ( e x c ita to ry  or 
in h ib ito ry  and i f  e x c ita to ry , whether dynamic or s ta t ic )  e l ic i te d  by 
c o r t i c a l  s t im u la t io n ,  i t  was n e c e ssa ry  to  measure th e  " i n i t i a l  
b u rst" , "dynamic index" and "slow decay" of the a ffe ren t response (on
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a rantp-hold s tre tc h )  before, during and a f te r  c o rtic a l stim ulation .
In order to  measure them p rec ise ly , i t  was necessary to  d isp lay  each 
response to  a ramp and hold s tre tc h  with an extended time sca le . One 
example of such work i s  i l lu s t r a te d  in  f ig  12, where the  time base 
fo r  a s tim u la tin g  cycle and the preceding cycle i s  displayed on an 
extended time sca le .T h e  v a lu es p resen ted  were measured by hand u sing  
ex square s e t .  Where th ere  was more than one in te rv a l in  a given 
tim e , th e  average va lue  would have been c a lc u la te d  and used . Of 
co u rse  r e s u l t s  w ould have been more r e l ia b le  s t a t i s t i c a l l y  i f  one 
could average th e  responses of the spindle a ffe ren ts  to  s tre tc h  p r io r  
and d u r in g  c o r t i c a l  s t im u la t io n .  However, because th e  a f f e r e n t  
responses to  c o r t ic a l  s tim ulation  seemed not to  be s im ila r  in  two or 
more consecutive cycles of stim ulation , i t  was not possib le  to  do so.
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12. A. D isplay of a computer d ig i t iz e d  f i l e  whose time ax is  i s  
p a r t ia l ly  extended in  B and C in  order to  make measurements of 
the  dynamic index, slow decay and i n i t i a l  b u rs t p o ssib le . The 
m id d le  t r a c e  i l l u s t r a t e s  how th e  i n i t i a l  b u r s t  ( i b ) ,  th e  
dynamic index (d i)  and slow decay (sd) were measured.
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RESULTS
R e su lts  o b ta in ed  w ill  be in troduced  in  th re e  d i f f e r e n t  se c tio n s !  
d o r s a l  r o o t  r e c o rd in g ,  d i r e c t  v i s u a l i z a t i o n  o f e x t e r i o r i s e d  
te n u is s im u s  m uscle  s p in d le s  and l a s t l y  th e  c o r t i c a l  a re a s  f o r  
te n u is s im u s  and f le x o r  d ig ito ru m  longus (FDL) m uscle a f f e r e n t  
p ro je c tio n .
Chi o ra l ose was our f i r s t  choice of anaesthetic  agent a t  e a r l ie r  
s tages of experim ents. However, we did not find  in tra fu sa l e ffe c ts  in  
dorsal roo t experim ents, n e ith e r did we have any spontaneous a c t iv i ty  
or in tra fu s a l  recru itm en t in  e x te r io r is e d  muscle sp in d le s  when th e  
c o r te x  was s tim u la te d . T herefo re , we f e l t  ob liged  to  sw itch  to  
b a r b i tu r a te s ,  and as soon as we d id  we got s a t i s f a c to r y  r e s u l t s .  
S u rp r is in g ly , on using  c h lo ra lo se  again , in t r a f u s a l  e f f e c ts  were 
obtained (on c o r tic a l s tim u la tio n ), and the reason of e a r l ie r  f a i lu re  
i s  y e t unknown to  us.
Section A: Dorsal Root Recording
Most of th e  r e s u l t s  were ob tained  from tenuissim us m uscle 
a f fe re n ts  (prim aries and secondaries) under b a rb itu ra te  anaesthesia . 
However, in  the  l a s t  th ree  experiments where chloralose was used as 
an an aes th e tic  agent in  order to  increase the chances of recording 
su rface  c o r t ic a l  evoked p o te n tia ls  on stim ulation  of nerves supplying 
tenuissim us and FDL muscles, recordings were obtained from prim aries 
on c o r t ic a l  s tim u la tio n  as w e ll. T herefore , in  th e  end, a s e t  of 
r e s u l ts  from tenuissim us primary endings of th ree  ca ts  were obtained 
under ch lo ra lo se  anaesthesia , reasonable enough to  compare w ith the  
bulk of r e s u l ts  under b a rb itu ra te  anaesthesia.
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On c o r tic a l  s tim u la tio n , both anodal and cathodal s tim u li were 
app lied . Anodal pulses proved to  be more e ffec tiv e  most of the time. 
Fig 13 i s  an example of anodal (A) and cathodal (B) stim ulation  in  a 
c a t under b a rb itu ra te  anaesthesia. Fusimotor responses in  f ig  13 were 
obtained by s tim u la tio n  of a point ju s t an te rio r to  the Pcd. Anodal 
s t im u la t io n  was fo llo w ed  by ca th o d a l s t im u la t io n  a t  th e  same 
a n a e s th e t ic  le v e l .  The cu rren t was 1.6 mA in  both cases . I t  i s  
worth no ting  th a t  an increase of 0.3 mA in  cathodal stim ulation  did  
not b rin g  about any fusim otor response.
U nfortunately , the re su lts  obtained were not reasonable enough 
q u a n t i t a t i v e l y  to  compare th e  s tr e n g th  of c a th o d a l and anodal 
stim ulus on producing a s im ila r  fusimotor response.
I .  E ffec t of C ortica l Stim ulation on Tenuissimus Primary A fferents
Primary a ffe re n ts  from the tenuissimus muscle were mostly found 
in  L7 and to  a le s s e r  degree in  SI. They were id e n tif ie d  from o ther 
groups of a f f e r e n ts  by th e i r  f a s t  conduction v e lo c i t ie s .  I f  th e  
ten u iss im u s  n erve  i s  s tim u la te d  ju s t  caudad to  i t s  emergence from 
s c ia t i c  nerve, sp ikes are  picked up in  dorsal root filam ents w ithin  a 
la te n c y  of 1 .2 -1 .8  msec depending much on th e  d is ta n c e  between 
emergence of ten u iss im u s nerve from s c ia t i c  nerve and th e  sp in a l 
cord, which g e ts  longer i f  tenuissimus nerve emerges out low and v ice  
v ersa . However, th e  mean latency value was around 1.4 msec fo r an 
average d is tan ce  of 12 cm between the two stim ulating  and recording 
e le c tro d e s , which gives an average conduction velocity  of 86 m/sec.
In e a r l i e r  s ta g e s  of experim ents when th e  in t r a f u s a l  e f f e c ts  
were being only d isp layed  on the oscilloscope, a dynamic and a s t a t i c  
e f fe c t  was a tta in e d  as shown on f ig  14. Traces A and B are  discharges
6 8
F ig  13 . The e f f e c t  o f anodal (A) and c a th o d a l (B) c o r t i c a l  
s t im u la t io n  on th e  response  of a s in g le  ten u iss im u s  prim ary 
a f f e r e n t  to  ramp s t r e t c h .  P o in t of s t im u la t io n  was 1 trm 
a n t e r i o r  to  Pcd. T en u issim u s  s t r e t c h e d  2 mm. C o r t ic a l  
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14. The e f fe c t  of anodal c o r t ic a l  s tim u la tio n  on a tenuissim us 
primary a f fe re n t d ischarge. Upper tra c e s  a re  th e  responses of 
the  primary a f fe re n t to  ramp s tr e tc h  w ith (B) and w ithout (A) 
c o r t i c a l  s t im u la t io n  o f p o in t  5 . M iddle  t r a c e s  a r e  th e  
re sp o n se  o f a n o th e r  te n u is s im u s  p rim a ry  a f f e r e n t  to  ramp 
s tr e tc h  w ith  (D) and w ithout (C) c o r t ic a l  s tim u la tio n  of Pcd. 
Lower tra c e s  showing the  tenuissim us muscle was s tre tc h e d  2 mm. 
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of th e  same a ffe re n t w ith and without c o rtic a l s tim ulation . The same 
i s  tru e  fo r  tra c e s  C and D. Trace B i l lu s t r a te s  a dynamic response of 
primary a f fe re n t to  a ramp hold s tre tc h  during c o r tic a l stim ulation  
of p o in t  5 . The s t a t i c  re sp o n se  in  t r a c e  D, c h a ra c te r iz e d  by 
a b o litio n  of the  ramp response, was obtained on c o rtic a l stim ulation  
of th e  Pcd. W ith th e se  p re lim in ary  r e s u l t s ,  emphasis was pu t on 
find ing  out whether they were reproducible from stim ulation  of the 
same p o in ts  and the  po in ts nearby, and a lso  on finding a separating 
l in e  between th e  dynamic and s t a t i c  a rea  w ith in  th e  p e r ic ru c ia te  
c o r te x . W ith com pletion of d ig i t iz in g  program, subsequent r e s u l ts  
were d ig i t iz e d  and the  following figu res w ill be presented in  a s ty le  
of computer output.
A. In tra fu sa l Recruitment alone: Dynamic E ffects 
A c la s s ic  dynamic e f fe c t  i s  characterized  by a r is e  in  s ta t ic  
f i r i n g  a t  th e  beg inn ing  of s tim u la tio n  follow ed by an in c re a se  in  
bo th  dynamic re sp o n s iv e n e ss  to  ramp s t r e t c h  and dynamic in d ex .
However, not all afferents show all these criteria collectively and at the same time 
i t  would be p o ssib le  fo r Dbi con traction  to  occur but contraction  of 
o ther in tra fu s a l  f ib re s  sim ultaneously would mask the e f fe c t. j n 
o ther words, depending on the  degree of ac tiv a tio n  of s ta t i c  (bag2 
and nuclear chain) f ib re s , one or even two c r i te r i a  might be masked.
I t  i s  n e c e s s a ry  to  ta k e  i n to  accoun t th a t  in  th e  e x te r io r i s e d  
experim en ts, where in t r a f u s a l  f ib r e s  a re  under d ire c t  observation, 
th e  Dbi was n o t r e c ru i te d  on i t s  own, not even in  one s in g le  case 
( r e s u l t s  o f th e  e x t e r i o r i s e d  m uscle experim en ts  w i l l  be f u l l y  
presented  in  sec tio n  B). Stim ulation of the "dynamic area" of the 
c o n tra la te ra l cortex  corresponding to  our marked po in ts 4, 5 and 6,
69
w ith  a n t e r i o r  and m edial b o rd e rs  b e ing  th e  a n s a te  s u lc u s  and 
long itud ina l f is s u re  respec tive ly , gave r is e  to  dynamic e f fe c ts . No 
dynamic e f f e c t  was a tta in e d  on stim ulation of o ther areas w ith in  the  
sensorim otor cortex  except in  one case which w ill be represented in  
f ig  21. For in stan ce , in  f ig  15, the dynamic index did  not increase; 
however, the  dynamic decay in  a ffe ren t f ir in g  during the  f i r s t  h a lf  
of a second on ramp hold i s  remarkably increased. Since th is  decay 
could only have happened i f  the Dbi f ib re  was ac tiv e  a dynamic gamra 
motoneurone must have been recru ited .
Fig 15 shows th a t  c o rtic a l stim ulation  of a point ju s t la te ra l  
to  p o in t 5 almost doubled the s ta t i c  f ir in g  lev e l, from 18 ip s  to  36 
ip s . The i n i t i a l  b u rs t to  the ramp was a lso  increased from 80 ip s  to  
155 ip s . Although the dynamic index d id  not seem to  change much 
from 32 ip s  to  35 ip s , the decay increased remarkably from 7 ip s  to  
23 ip s . The response to  hold s tre tc h  became more irre g u la r  
and th e  f i r in g  of the  a ffe ren t did not stop during the  ramp re lease .
P o in t 5 was s tim u la te d  in  f ig  16 by a su rfac e  p o s i t iv e  (S+) 
cu rren t of 1.7 mA. I t  gradually  increased the s ta t i c  f i r in g  level 
a f t e r  a la te n c y  of about 300 msec. The i n i t i a l  b u rs t  to  th e  ramp 
increased  on s tim u la tio n  from 78 ips in  the preceding cycle to  130 
ip s ; so d id  th e  dynamic index, from 18 ip s  to  30 ip s , and th e  slow 
decay from 6 ip s  to  10 ip s . Looking a t  the response of th e  a ffe re n t 
to  ramp h o ld , i t  seems th a t  th e  e f fe c t  on gamma motoneurones i s  
bu ild ing  up during th e  course of stim ulation . Moreover, th e  increase  
in  s t a t i c  f i r i n g  seems to  in te r ru p t  th e  slow decay which m ight 
su g g est re c ru itm e n t of Sb2 f ib r e  on c o r t ic a l  s tim u la tio n  as  w e ll.
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F ig  15. Response of a ten u iss im u s  prim ary  a f f e r e n t  to  c o r t ic a l  
s tim u la tio n  a t  an area  1 mm la te r a l  to  p o in t 5. A dynamic gamma 
m o to n e u ro n e (s )  was th o u g h t to  be r e c r u i t e d  ( s e e  t e x t ) .  
Tenuissimus muscle s tre tch ed  2 mm. C o rtica l s tim u la tio n  shown 
as a s o lid  b ar.
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16. Response of a ten u iss im u s  prim ary  a f f e r e n t  to  c o r t ic a l  
s t im u la t io n  a t  p o in t  5 . A dynam ic gamma m otoneurones was 
th o u g h t to  be r e c r u i t e d  ( s e e  t e x t ) .  T en u issim u s m uscle  
s tre tc h e d  2 itm. C o rtica l s tim u la tio n  shown as a s o lid  b ar.
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However, i f  t h a t  was so , i t  shou ld  have been a r a th e r  weak 
c o n t r a c t io n  o f th e  Sb2 f i b r e  because of th e  r e g u la r i ty  of th e  
response during c o r tic a l stim ulation .
A s im i la r  dynamic e f f e c t  was o b ta in e d  on a n o th e r  p rim ary
a ffe re n t on s tim u la tio n  of the cortex p o ste rio r to  poin t 4 w ith an
in crease  in  dynamic index of 24 ip s: from 11 ips to  35 ips ( f ig  17).
However, i t  d i f f e r s  from the e ffec t seen on f ig  15 in  two respec ts .
F i r s t ,  i t  la c k s  th e  i n i t i a l  r i s e  in  th e  s t a t i c  f i r i n g  of th e  
a f f e r e n t ;  in s te a d  th e  f i r in g  g rad u a lly  r is e s  and a t  th e  same tim e 
g e ts  more irre g u la r . Secondly, th e  a f fe re n t s to p s f i r in g  on th e  
re le a se  of th e  ramp.
In  f i g  18 a s l i g h t  dynamic resp o n se  was v i s i b l e  d u rin g  
s tim u la tio n  of p o in ts  6 (18,A) and 5 (18,B). The dynamic index had 
r is e n  by 5 and 13 ip s  in  both  A and B re sp e c tiv e ly . The i n i t i a l  
b u r s ts  to  ramp s t r e t c h  and th e  decay were a lso  in c reased . What i s  
n o tic e a b le  i s  th e  re g u la r  b u rs ts  of spontaneous a c t iv i ty  in  gamma 
motoneurones giving r is e  to  m iniature bursts  in  the a ffe ren t f ir in g  
of th e  primary in  f ig  18,B. The spontaneous bursting  a c tiv ity  seems 
to  have been added to  the  slow decay, and th e ir  frequency increased 
even a f t e r  s tim u la t io n  had stopped. The s h i f t  to  an in c reased  
bu rstin g  a c t iv i ty  happened in  le ss  than 10 seconds, and th a t could 
not have occurred because of a change in  anaesthetic  le v e l .
The stim ulus in te n s ity  of 3.2 mA was applied to  point 5 in  f ig  
19. I t  i l l u s t r a t e s  a d iffe re n t p a tte rn  of response, a weak dynamic 
e f fe c t  compared w ith previous examples. The ir re g u la r i ty  of s ta t i c  
f i r in g  increased  although the mean frequency did not seem to  change 
s ig n i f i c a n t ly .  The la ten cy  of th e  e f fe c t  was about 350 msec. The 
response to  ramp s t r e t c h  p ro g ress iv e ly  d ec lined  over tim e. The
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Fig 17. The e f fe c t  of c o r t ic a l  s tim u la tio n  a t  an area  ju s t  p o s te r io r  
to  p o in t 4 on ten u iss im u s prim ary a f f e r e n t  d isc h a rg e . The 
e f fe c t  i s  of dynamic type. Tenuissimus muscle s tre tc h e d  2 mm. 
C o rtica l s tim u la tio n  shown as a s o lid  bar.
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Fig 18. A s l ig h t  dynamic response of a tenuissim us primary a ffe re n t 
to  c o r t ic a l  s tim u la tio n  a t  p o in ts  6 (A) and 5 (B). Tenuissimus 
s tre tc h e d  2 mm. N otice how the  frequency of spontaneous regu lar 
b u rs tin g  a c t iv i ty  of th e  primary a f fe re n t in  B in creased  due to  
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19. The e f fe c t  of c o r t ic a l  s tim u la tio n  a t  po in t 5 w ith a high 
stim ulus s tre n g th  (3 .2  mA) on a ten u iss im u s prim ary  a f f e r e n t  
d is c h a rg e .  T en u issim u s m uscle  s t r e t c h e d  2 mm. C o r t i c a l  
s tim u la tio n  shown as a s o lid  b ar.
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s i l e n t  period  of the  primary a ffe ren t which usually  happens a t  the 
ramp r e le a s e  was ab o lish ed  h e re . The i n i t i a l  b u rs t  and th e  decay 
were in c re a se d . Note th a t  th e re  was a gradual r i s e  in  th e  s t a t i c  
f i r in g  of th e  a ffe re n t a t  the i n i t i a l  length a f te r  stoppage of the 
s tim ulus, but th i s  vanished a f te r  the following s tre tc h .
A nother p a t te r n  of dynamic e f f e c t  i s  i l l u s t r a t e d  by f ig  20, 
where th e  r i s e  in  i n i t i a l  b u rst (from 72 ips to  100 ip s) and dynamic 
index (from 10 ip s  to  18 ip s) i s  obvious with no apparent change in  
th e  slow decay. A s l ig h t  in c re a se  in  r e la t iv e  i r r e g u la r i ty  of 
a f fe re n t f i r in g  on the  ramp hold in  th is  case and a t the same time 
the  s i l e n t  period  on the  ramp re lease  are things to  take in to  account 
in  in te r p r e t in g  th e  r e s u l t s .  P o in t 5 was s tim u la ted  w ith  a low 
stim ulus cu rren t of 0 .6  mA in  th is  i l lu s tr a t io n .
Q u ite  u n u su a lly  and only once a dynamic e f f e c t  was ob ta ined  
from th e  same a f f e r e n t  rep resen ted  in  f ig  17, when th e  co rtex  was 
stim u la ted  a t  the  Pcd and th is  response i s  shown in  f ig  21. A s im ila r  
(but weaker) e f fe c t  to  th a t  in  f ig  17 i s  seen in  the f i r s t  cycle and 
an e f f e c t  rem arkably d i f f e r e n t  in  th e  second cycle  of s tim u la tio n  
( f ig  2 1 ). In  th e  second cy c le , a f fe re n t  f i r in g  in c reased  sh a rp ly  
w ith  a la te n c y  of ju s t  over 100 msec which d e c lin e s  w ith in  1 sec . 
Note, th e  response to  the ramp s tre tc h  a f te r  stim ulation  was q u ite  
com parable to  th a t  p rev ious to  s tim u la tio n  in  both  of th e  l a s t  
f ig u re s , suggesting th a t  c o r tic a l stim ulation  a t  th a t level d id  not 
have any su sta in ed  e f fe c t  on co r tic a l gamma motoneurohes.
In  th e  l a t e r  experim ents, where c a ts  were anaesthetized  with 
chi o ral ose, th e  s t a t i c  f ir in g  ra te  of the primary a ffe re n ts  was as 
low as in  b a rb itu ra te  anaesthesia; however, the i n i t i a l  bu rst of the 
a ffe re n t to  the  ramp s tr e tc h  was by fa r  g rea te r. In f ig  22 poin t 5
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20. The e f fe c t  of anodal c o r t ic a l  s tim u la tio n  a t  p o in t 5 on a 
tenuissim us prim ary a f fe re n t d ischarge. Stimulus s tre n g th  was 
0 .6  mA. T e n u is s im u s  m u sc le  s t r e t c h e d  2 mm. C o r t i c a l  
s tim u la tio n  shown as a s o lid  b ar.
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Fig 21. The e f fe c t  of two consecutive cycles of c o r t ic a l  s tim u la tio n  
a t  Pcd on a te n u is s im u s  p r im a ry  a f f e r e n t  d i s c h a r g e .  
Tenuissimus s tre tc h e d  2 mn. C o rtica l s tim u la tio n  shown as s o lid  
b a rs .







22. The e f fe c t  of c o r t ic a l  s tim u la tio n  on a tenuissim us primary 
a f f e r e n t  h av in g  a v e ry  good dynam ic re sp o n se  to  th e  ramp 
s t r e t c h .  The c a t  was a n a e s th e tiz e d  w ith  c h lo ra lo se  in  t h i s  
c a se . The p o in t of s t im u la t io n  was a t  5 and th e  s tim u lu s  
s tre n g th  was about 3.0 mA. Tenuissimus muscle s tre tc h e d  2 mm. 

















was stim u la ted  w ith  a cu rren t of 3.0 mA. (S+). The latency of response 
was between 200-300 msec and s ta r te d  with a very sharp but tra n s ie n t 
in c rease , l ik e  an i n i t i a l  b u rs t, followed by a small drop in  s ta t i c  
f i r i n g  of th e  prim ary a f fe r e n t  w ith  more reg u la r  d isch arg e  which 
m ight su g g est an in h ib i t io n  of spontaneous a c t iv i ty .  Both i n i t i a l  
b u rs t to  ramp s tr e tc h  and dynamic index were increased (from i n i t i a l  
values of 155 ip s  and 48 ip s  to  200 ips and 73 ips resp ec tiv e ly ). The 
decay was a lso  increased  from 7 ips to  25 ips in  h a lf  a second. The 
EMG e lec tro d es  located  under the d is ta l p a rt of the muscle did not 
reco rd  any p o te n t ia l  which im plies th a t  i t  was u n lik e ly  th a t  th e  
reduced frequency was due to  unloading by ex trafusal con traction .
S im ilar to  th e  c a ts  an aes th e tized  w ith  b a rb i tu ra te s  rep ea ted  
c o r t ic a l  s tim u la tio n  (fig u res  23 and 24) revealed th a t  the fusimotor 
system d id  no t respond id e n tic a lly  to  the same stim uli in  consecutive 
cycles of s tim u la tio n . During anodal stim ulation a t  point 4 w ith 2.8 
and 3.0 mA (A and B, f ig  23) the primary a ffe ren t showed a tra n s ie n t 
bu rst of f i r in g  w ith  almost no latency, dying off w ithin the  m atter 
of m illiseco n d s, and th is  i s  suspected to  be the stim ulus a r t i f a c t .  
In th e  case of th e  s tran g er stim ulus ( f ig  23,B), the  tra n s ie n t was 
followed almost immediately by a sharp r is e  in  the f ir in g  ( to  about 
70 ip s)  even befo re  th e  beginning of the ramp. The in i t i a l  b u rst to  
the  ramp increased  from 165 ip s  to  220 ips in  the f i r s t  cycle and 215 
ips in  th e  second. The dynamic index rose by 38 ips from 53 to  91 ip s  
in  th e  f i r s t  cycle  and 92 ip s  in  the second. The dynamic decay rose, 
but to  le s s e r  e x ten t, from 9 ip s  to  32 ips and 62 ip s . The s i le n t  
p e rio d  of th e  a f f e r e n t  due to  th e  ramp re le a se  was absen t in  th e  
f i r s t  c y c le ,  b u t c l e a r l y  v i s i b l e  d u rin g  th e  second p e r io d  o f 
s tim u la tio n .
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23. The e f fe c t  of two consecutive cycles of anodal s tim u la tio n  
a t  p o in t 4 on a tenuissim us primary a f fe re n t d ischarge from a 
c h lo r a lo s e - a n a e s th e t i z e d  c a t  w ith  2 .4  (A) and 3 .0  (B) mA 
s tr e n g th .  Tenuissim us s tr e tc h e d  2 mm. C o r t ic a l  s tim u la t io n  
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A weaker stim ulus gave the same pa tte rn  of response ( f ig  23,A) 
excep t th a t  th e  e f f e c t  on th e  a f fe re n t befo re  th e  ramp was le s s  
pronounced, but the  changes brought about during the  ramp are  of the  
same v a lu e  ( i . e .  dynamic index rose to  78 ip s  and 65 ip s  from th e  
i n i t i a l  value of 30 ip s ; the dynamic decay from 24 ip s  to  33 ip s  and 
28 i p s ) . F ig  24 shows th e  response of the  same a f fe re n t  to  anodal 
s tim u la tio n  of po in t 1, forward from the cru c ia te  su lcus, w ith 2.0 
mA. I t  la ck s  th e  f a s t  t r a n s ie n t  r i s e  a t  th e  beginning of th e  
s tim u la tio n  th a t  was obvious in  the  previous f ig u re . However, i t  
shows th e  r e d u c t io n  in  re sp o n s iv e n e ss  to  s t im u li  in  su ccess iv e  
s tim u la tin g  cycles . The in i t i a l  bu rst to  ramp s tre tc h  increased from 
140 ip s  to  185, 160 and 150 ip s , so did the dynamic index: from 42 
ip s  to  71, 61 and 50 ip s , and the  dynamic decay: from 7 ips to  22, 17 
and 8 ip s .
The la tency  of the  response (not the very tra n s ie n t r is e  a t  the 
beginning) in  both fig u res  23 and 24 i s  over 0 .5sec; however, th a t  of 
f ig  22 i s  ju s t  over 200 msec.
B. In tra fu sa l Recruitment alone: S ta tic  E ffects
S ta t ic  fusim otor e ffe c ts  can be brought about by con trac tion  of 
s ta t i c  bag2 f ib re  alone, nuclear chain f ib re (s )  alone or con trac tion  
of b o th .  They a r e  w ell c h a ra c te r iz e d  by an in c re a s e  in  mean 
frequency w ith  reduction  or even Lass of length s e n s i t iv i ty  of 
the primary ending. There may be an increase in  the  i r r e g u la r i ty  of 
the primary d ischarge to  some degree depending on the  recruitm ent of
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F ig  24. The e f f e c t  o f  th r e e  c o n s e c u tiv e  c y c le s  o f c o r t i c a l  
s tim u la tio n  on th e  same tenuissim us primary a f fe re n t (shown in  
f i g  23) from  a c h lo r a lo s e - a n a e s th e t i z e d  c a t .  P o in t  of 
s t im u la t io n  was on c r u c i a t e  s u lc u s  a n t e r i o r  to  p o in t  5 . 




















d i f f e r e n t  ty p es  of in t r a f u s a l  f ib r e s .  A high frequency s c a t te ry  
response  i s  expected  i f  Sb2 f ib re  and nuclear chain  f ib r e s  a re  
re c ru ite d  to g e th e r.
S tim u la tio n  of alm ost a l l  p o in ts  (1-14) gave r i s e  to  s t a t i c  
e f fe c ts ,  even th e  p o in ts  w ithin the dynamic area, depending on the 
s ta te  of an aesth esia . The re su lts  generally confirm the findings of 
Gladden and MdWilliam (1977) who s ta te d  th a t  the  a reas from which 
th e se  e f f e c t s  were produced were reduced w ith in c reas in g  depth  of 
anaesth esia . In  f a c t ,  i t  was sometimes confined to  an area w ithin  2 
mm of p o s tc ru c ia te  dimple. The re su lts  also  show th a t no driv ing  a t  
constant frequency was seen a t  any time.
I t  was c l e a r l y  v i s i b l e  in  th e  d i r e c t  v i s u a l i z a t i o n  o f 
e x t e r i o r i s e d  m u sc le  s p in d le s  t h a t  on some o c c a s io n s  gamma 
m otoneurones, and in  tu rn  in tr a fu s a l  f ib r e s ,  become a c tiv e  as a 
consequence of a course of s tim u la tio n . Fig 25 shows how th e  two 
prim ary a f f e r e n ts  were no t even responding to  th e  ramp during  th e  
s tim u la t io n . Note th a t  th e  a b o li t io n  of the  leng th  s e n s i t iv i ty  i s  
accompanied by a s c a t te r y  response of the  a f fe re n t and an obvious 
increase  in  th e  mean frequency.
In  an a tte m p t to  examine th e  p a t te r n  of re sp o n se  to  two 
consecutive cycles of s tim ulation , the Pcd was stim ulated. Figure 26 
dem onstrates th a t  the  a ffe re n t response to  the ramp was abolished in  
th e  second cy c le  of s tim u la tio n . In  th e  f i r s t  cy c le , however, th e  
ramp response was not abolished although i t  i s  obviously seen th a t 
th e  le n g th  s e n s i t i v i t y  was d r a s t ic a l ly  decreased during  th e  p u l l .  
Increased len g th  s e n s i t iv i ty  a f te r  the  f i r s t  cycle of stim ulation  had 
stopped can be looked upon as an a f te r-e f fe c t which w ill separa te ly  
be in troduced . The latency  of response in  the f i r s t  cycle was over 1
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25. The e f fe c t  of consecutive cycles of c o r t ic a l  s tim u la tio n  on 
th e  resp o n ses  of two ten u iss im u s prim ary  a f f e r e n ts  to  ramp 
s t r e t c h .  A. The re sp o n se  to  ramp s t r e t c h  i s  c o m p le te ly  
a b o lish e d  a f t e r  one second p a s t  th e  o n se t of s t im u la t io n  a t  
p o in t  14. B. The ramp re sp o n se  i s  c o m p le te ly  a b o l is h e d  
follow ing c o r tic a l  s tim u la tio n  a t  p o in t 4. Tenuissimus muscle 




















































Fig 26. The e f fe c t  of two consecutive cycles of c o r tic a l  s tim u la tio n  
a t  Pcd on th e  response of a tenuissim us primary a f fe re n t to  the 
ramp s t r e t c h  w ith  s tim u lu s  s t r e n g th  of 2 .1  mA. The ramp 
response  i s  a b o lish e d  in  th e  second cy c le  o f s t im u la t io n . 
Tenuissim us s tr e tc h e d  2 irm. C o r tic a l  s t im u la t io n  shown as 
s o lid  b a rs .
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sec bu t i t  was ju s t  over 100 msec in  the second cycle. The amplitude 
of th e  r i s e  in  frequency of the a ffe ren t i s  s lig h tly  g rea te r  in  the 
second c y c le  to o . A ll t h i s  suggests th a t  th e  s tim ulus e f f e c t  was 
b u ild in g  up and had a su s ta in e d  e f fe c t  on th e  gamma motoneurones 
which la s te d  a t  le a s t  up to  a few seconds.
Sometimes stim u la tion  of a point increased the s c a tte r  of the 
response such th a t  the  response to  the ramp was almost abolished. An 
example of th is  p a tte rn  i s  given in  f ig  27. I t  d isplays responses of 
another tenuissim us primary a ffe ren t to  anodal stim ulation  applied to  
two nearby p o in ts  on the  cortex with d iffe re n t in te n s i t ie s  in  a cat 
a n a e s th e tiz e d  w ith  b a rb i tu r a te .  Note th a t  th e  e x c ita t io n  in  th i s  
p a tte rn  of response in  comparison with figu re  25 i s  tra n s ie n t and i t  
was reproducib le  in  many experiments. The la ten c ies  of these e ffe c ts  
a re  d if f e r e n t ,  mostly dependent upon the in te n s ity  in  th is  case.
Po in t 5 was stim ulated  anodal ly when f ig  27,A was obtained; and 
the  cu rren t app lied  was 3.5 mA, s lig h tly  higher than in  f ig  27,B. I t  
not only shows th e  s c a tte ry  f ir in g  of the a ffe ren t, but a lso  the fa c t 
th a t c o r t ic a l  s tim u la tio n  desensitized  the spindle to  length changes 
th roughout th e  course of s tim u lu s . I t  seems th a t  th e re  was some 
h ab itu a tio n  to  th e  stim ulus a t  some lev e l, fo r the a ffe ren t discharge 
declined  p rog ressive ly  throughout the course of stim ulation , and even 
re tu rn e d  back to  th e  p rev ious s t a t i c  f i r in g  lev e l du ring  th e  very 
la s t  second of stim u la tio n . Scattery  f ir in g  of the a ffe ren t a f te r  
the stoppage of stim ulus might be considered as a rebound a c tiv ity  of 
a y e t n o n -s p e c if ic  in t r a f u s a l  f ib r e  which was p o ss ib ly  in h ib ite d  
during th e  course of s tim ulation .
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27. The e f fe c t  of c o r tic a l  s tim u la tio n  a t  po in t 5 (A) and 6 (B) 
on th e  same ten u iss im u s  prim ary a f f e r e n t  d isc h a rg e  d u rin g  a 
ramp s t r e t c h .  The s t im u lu s  s t r e n g t h  was 3 .5  and 2 .0  mA 
re sp e c tiv e ly . Tenuissimus s tre tc h e d  2 mm. C o rtica l s tim u la tio n  
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Fig 27, B shows the  response of the same a ffe ren t to  a stim ulus 
cu rren t of 2.0 mA applied  a t  point 6. The f ir in g  became sc a tte ry  and 
even more, when th e  c o r t ic a l  s tim u la tio n  was accompanied by ramp 
s t r e t c h .  The c o r t i c a l  s t im u la t io n  cou ld  n o t a b o l is h  le n g th  
s e n s i t iv i ty  of th e  primary as one can s t i l l  see the r is e  in  frequency 
a t  th e  beginning of the  ramp and the s i le n t  period on the re lease  of 
th e  ramp. A lso th e re  i s  some condensation of p o in ts  around 50 Hz 
during th e  second h a lf  of the  hold phase. The e f fe c t of s tim ulation  
wears o ff  sometime a f te r  stopping the stim ulation.
Sometimes th e  e f fe c t  of co rtic a l stim ulation on the fusimotor 
system  was ap p aren t only when th e  muscle len g th  was in c re a sed . 
Figures 28 and 29 both demonstrate th is  phenomenon. One m illim eter 
a n te r io r  to  Pcd was th e  ta rg e t point in  stim ulating the cortex in  f ig
28. A stim ulus of 1.2 mA (S+) was not strong enough to  re c ru it  the 
gamma m otoneurones b e fo re  th e  ramp. However, i t  seems th a t  th e  
s tim u lu s  in c re a se d  th e  s c a t te r in g  of the  response a t  th e  longer 
length  but no t th e  s e n s i t iv i ty ,  because the mean frequency during the 
ramp hold d id  not change, suggesting a very weak recruitm ent of one 
or more in tra fu s a l  f ib re .
In  f ig  29 th e  s itu a tio n  i s  a l i t t l e  b i t  d iffe re n t in  sense
th a t th e re  i s  an increased  s c a t te r  before the pul 1, but i t  had become
more s c a t te ry  in  response to  ramp s tre tc h . Although f ig  29,A i s  a
good example of increased  s c a t te r  affected  by the length change in
th e  m u sc le , th e r e  i s  a ls o  a c le a r  re d u c tio n  in  s t a t i c  le n g th  
s e n s i t iv i ty  during the  second h a lf  of the p u ll, a drop of 10 ip s  as 
compared to  th e  preceding cycle with no stim ulation . In f ig  29,B the  
condition  i s  more or le ss  the  same with le ss  pronounced reduction in  
length  s e n s i t iv i ty  a t  the  end of the p u ll. The a ffe ren t discharge,
77
Fig 28. The e f fe c t  of c o r tic a l  s tim u la tio n  (1 mm a n te r io r  to  Pcd) on 
th e  response of a tenuissim us primary a f fe re n t to  rarrp s tr e tc h .  
Tenuissimus s tre tc h e d  2 mm. C o rtica l s tim u la tio n  shown as a 
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Fig  29. The e f f e c t  of c o r t ic a l  s t im u la t io n  on th e  response  of a 
ten u iss im u s prim ary a f f e r e n t  to  ramp s t r e t c h .  Pcd (A) and 
p o in t 5 (B) were s tim u la te d . Tenuissim us s t r e tc h e d  2 itm. 
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however, i s  no t much d iffe re n t a t the i n i t i a l  length meaning th a t the 
primary ending could pick up the previous s ta t i c  f ir in g  before the 
next p u l l .  Note th a t in  f ig  29,A the Pcd was stim ulated with 2 mA 
and in  f ig  29,B p o in t 5 w ith  3 mA, both  s i t e s  being s tim u la ted  
anodally .
Fig 30 was obtained on stim ulation  of point 5 with very c lo se ly  
s im ila r  in te n s i t ie s  (3 .0 , 3.0 and 3.2 mA respectively) but d iffe re n t 
an aes th e tic  le v e ls . The in te rv a l between the time of recording of 
th e  3 0 ,A and 3 0 ,B i s  6-8 m inutes and between 30 ,B and 30 ,C about 
12-15 m in u te s . T h e re fo re , a p a r t  fro m .a  s l i g h t  change in  th e  
in t e n s i ty  of s tim u lu s , th e  a n a e s th e tic  lev e l seems to  be th e  only 
fa c to r  th a t  i s  v a riab le  in  the th ree  cases.
In f ig  30,A th ere  i s  a r is e  in  the i n i t i a l  bu rst to  the  ramp 
due to  c o r t ic a l  s tim u la tion  which i s  followed by a s lig h t  r is e  in  the 
s t a t i c  f i r i n g .  H ow ever, th e  dynam ic in d e x  d id  n o t change 
s ig n if ic a n tly .  The f ir in g  level stayed sca tte ry  during the period of 
ramp hold w ith  a lower mean frequency as compared with the  preceding 
cycle , and th e  ramp re lease  silenced  the a ffe ren t. A s lig h t  r is e  in  
s t a t i c  f i r i n g  fo llow ing  th e  stim ulus was abo lished  by th e  nex t 
s tre tc h .
The mean frequency of the  a ffe ren t in  the case of f ig  30,B did 
no t change b u t th e  i n i t i a l  b u rs t (from 46 ip s  to  60 ip s )  and th e  
dynamic decay (from  3 ip s  to  7 ip s )  were in c reased . However, th e  
p a tte rn  of f i r in g  i s  very sca tte ry  and s im ila r to  the top and bottom 
reco rd s.
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Fig  30. The e f f e c t  of c o r t ic a l  s t im u la t io n  a t  p o in t 5 on th e  
re sp o n se  o f a s in g l e  te n u is s im u s  p rim a ry  a f f e r e n t  w ith  
d i f f e r e n t  i n t e n s i t i e s ,  3 .0  (A ), 3 .0  (B) and 3 .2  (C) mA 
re sp ec tiv e ly . Tenuissimus s tre tc h e d  2 mm. C o rtica l s tim u la tio n  
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In  f ig  30 ,C n e i th e r  th e  i n i t i a l  b u rs t to  th e  ramp nor th e  
dynamic index increased  on stim ulation . However, the a ffe ren t d id  not 
go s i l e n t  during the  ramp re lease . I t  i s  almost d e f in ite  th a t  the 
Dbi was no t re c ru ite d .
Note th a t  th e re  i s  rebound a c tiv ity  in  a l l  th ree  examples. In 
f i g  3 0 ,A th e r e  i s  o n ly  a t r a n s i e n t  b u r s t  a f t e r  c e s s a t io n  of 
s tim u la tio n . The rebound a c t iv i ty  i s  c lea re s t in  f ig  30,C because 
th e  s t a t i c  f i r i n g  had become reg u la r by th e  end of th e  p e rio d  of 
s t im u la t io n . The response then  became i r r e g u la r  in  le s s  than  a 
second a f t e r  th e  term ination of stim ulation . I t  i s  worth noting th a t 
t h i s  p a t te r n  of r e s u l t s  was rep roducib le  in  th e  same c a t over and 
over again  and was a lso  seen in  other ca ts .
I t  seems as though the  in tra fu sa l f ib re s  are  put on a le r t  w ith 
th e  o n se t of s t im u la tio n  bu t w ill do nothing to  change th e  f i r in g  
frequency of th e  primary ending. As soon as an external signal such 
as a ramp comes along, i t  works as a tr ig g e r  to  d rive those already 
a l e r t  in tra fu s a l  f ib re s  in to  a c tiv ity .
C. Mixed In tra  and Extrafusal Recruitment
F ig u res  31, 32 and 33 rep re sen t recru itm en t of e x tra fu s a l  
f ib r e s  along  w ith  i n t r a f u s a l  f ib r e s  on c o r t i c a l  s t im u la t io n  a t  
various p o in ts . The tenuissim us muscle EMG was picked up during these  
occasions and some deep back muscles were sometimes con tracting  too. 
The occu rren ce  of t h i s  p a t te rn  of response was no t confined  to  a 
p a r t i c u la r  a re a  of th e  sensorim otor co rtex  as i t  was rep ro d u c ib le  
a lm o st from  a l l  th e  p o in t s .  Common c h a r a c t e r i s t i c s  of th e s e  
responses were th e i r  s im ila r  short la tencies  (-200 msec), shape and 
abolishment of th e  response to  the ramp. I t  seems th a t the  responses
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31. The e f fe c t  of c o r tic a l  s tim u la tio n  on the  response of two 
ten u iss im u s prim ary  a f f e r e n ts  from 2 d i f f e r e n t  c a ts  to  ramp 
s tr e tc h .  Pcd was stim u la ted  in  both cases w ith  0 .2  (A) and 1.7 
(B) mA. Tenuissimus s tr e tc h  2 mm. C o rtica l s tim u la tio n  shown 
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32. The e f fe c t  of c o r t ic a l  s tim u la tio n  a t  p o in ts  4 (A) and 9 (B) 
on th e  response of two d if f e re n t  tenuissim us primary a f fe re n ts  
to  ramp s t r e t c h .  S tim ulus s tr e n g th s  were 1 .6  and 0 .2  mA 
re sp e c tiv e ly . Tenuissimus s tre tc h e d  2 mm. C o rtica l s tim u la tio n  
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Fig 33. The e f fe c t  of two consecutive cycles of c o r t ic a l  s tim u la tio n  
a t  p o in t 4 on th e  response of a tenuissim us primary a f fe re n t to  
ramp s tr e tc h  w ith  in te n s i ty  of 0 .8  mA. Tenuissimus s tre tch ed  2 
mm. C o rtica l s tim u la tio n  shown as s o lid  b a rs .
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s a tu ra te d  a t  some p o in t , w ith  a maximum mean frequency of around 
120-140 ip s  ( f iq  32,B). I t  i s  more lik e ly  th a t descending neurones 
synapsing  w ith  gamma motoneurones (d ir e c t ly  or in d ire c t ly )  in  th e  
sp in a l cord  were inv o lv ed , s in ce  gamma motoneurone s tim u la tio n  in  
iso la te d  muscle sp ind les  can increase the primary a ffe ren t discharge 
to  over 200 Hz (Boyd, 1986). The frequency reached a maximum in  about 
3 seconds, but i t  dropped s ig n if ic a n tly  over several seconds towards 
the end of the  s tim u la tio n .
These responses no t only could be obtained  w ith  c u rre n ts  of 
about 2.0 mA (31 ,B) but a lso  with currents as low as 0.2 mA (31,A and 
32 ,B) th ey  were e a s i ly  induced only when spontaneous in t r a f u s a l  
a c t iv i ty  caused the a ffe re n t f ir in g  to  be very sca tte ry .
F igure 33 shows the  e f fe c t of applying a curren t, 0.8 mA (S+), 
to  p o in t  4 in  two c o n se c u tiv e  c y c le s . A gain, as in  p re v io u s  
examples, the  susta ined  e ffe c t of the f i r s t  stimulus on the fusimotor 
neurones increased  the amplitude of the response to  the second. Even 
on stopping the  stim ulus, the  a ffe ren t did not respond as regu larly  
to  the  ramp as before, suggesting an increase in  fusimotor a c t iv i ty  
a t  le a s t  fo r  the  next few cycles (although only one cycle i s  included 
in  th e  f ig u re ) . The re su lts  generally  suggest th a t the l ig h te r  the 
cats  became, the  e a s ie r  i t  was to  get ex trafusal contraction  during 
c o r tic a l s tim u la tio n .
D. Inh ib ition  of Intrafusal Muscle Fibres
I n h ib i t io n  occurred  in  only one chi oral ose-anaestheti zed ca t. 
The c o r te x  was an o d a lly  s tim u la ted  a t  p o in t 4 in  two consecu tive  
cycles w ith  1.4 mA ( f ig  34). A fferent s ta t ic  f ir in g  dropped and the
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34. The e f fe c t  of consecutive cycles of c o r t ic a l  s tim u la tio n  a t  
po in t 4 an th e  response of a tenuissim us primary a f fe re n t from 
a ch io ra lo se -an aes th e tized  ca t to  ramp s tr e tc h .  Note th e  good 
dynamic response of th e  a f fe re n t to  th e  ramp s tr e tc h  befo re  and 
a f te r  th e  s tim u la tio n . Tenuissimus s tre tch ed  2 nm. C ortica l 
s tim u la tio n  shown as s o lid  b a rs .


















i n i t i a l  b u rs t to  the  ramp s tre tc h  was reduced remarkably, from 135 
ip s  in  p reced in g  cy c le  to  60 ip s  and 52 ip s .  Dynamic in d ice s  were 
reduced from 38 ip s  to  14 and 13 ips respectively . The dynamic decay 
was a lso  reduced from 13 ips to  2 ips in  both cycles. In the absence 
of s tim u li in  th e  following c y c le (s ) , the response to  the ramp was as 
good as  b e fo re . Note th e  rebound a c t iv i ty  of th e  a f fe re n t  on th e  
" o ff” of th e  stim ulus in  both cycles. Since EMG electrodes did not 
pick up anything during the period of stim ulation , i t  seems th a t some 
in tra fu s a l  f ib re s  were in h ib i te d  and th e  reduced s t a t i c  f i r in g  d id  
not occur as a re s u l t  of unloading of the muscle spindle.
I I .  E ffec t of C ortica l Stim ulation on FPL Primary A fferents
S ix  FDL prim ary a f f e r e n ts ,  four from two c a ts  a n a e s th e tiz ed  
w ith b a rb itu ra te s  and two from a ca t anaesthetized with chi oral ose, 
were s tu d ied . Fig 35 i l lu s t r a te s  the responses of two a ffe ren ts  of a 
ca t an aesth e tized  w ith b a rb itu ra te s . In both cases the slope of the 
slow decay in c re a se d , so d id  th e  dynamic index but to  a le s s e r  
e x te n t.  The a c t i v i t y  of th e  a f fe re n t  on th e  "o ff"  of th e  s tim u lus 
a ls o  in c r e a s e d .  However, e f f e c t  in  3 5 ,B i s  of rebound ty p e  
suggesting a p o ssib le  in h ib i t io n  during  th e  course of s tim u la tio n . 
Again, in  bo th  c a se s , a f fe re n t  f i r in g  d id  not a l t e r  p rev ious to  
involvement of th e  ramp s tre tc h .
In  f ig  36, where th e  ca t was chi o ra l o se -a n a e s th e ti zed, th e  
dynamic response i s  more of the c la ss ic a l type: a r is e  in  both s ta t i c  
f i r in g  of th e  a ffe re n t and dynamic index. In add ition , the i n i t i a l  
b u rs t  to  th e  ramp s t r e tc h  i s  considerab ly  in creased . The s t a t i c
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Table show ing  th e  o c c u r re n c e  o f dynam ic and s t a t i c  e f f e c t s  
in  r e s p o n s iv e  p r im a ry  a f f e r e n t s  o f b o th  te n u is s im u s  and FDL 
m u sc le s .
P o in ts  o f T e n u iss im u s FDL
S tim u la t io n (53 r e s p o n s iv e  I a a f f e r e n t s ) (6 la  a f f e r e n t s
Dynamic S t a t i c Dynamic S t a t i
1 1 4 /53 NS
2 19/53 NS
3 48 /53 3 /6
4 3 1 /5 3 40/53 6 /6 4 /6
5 3 9 /5 3 3 5 /53 5 /6 3 /6
6 2 8 /5 3 47/53 4 /6 3 /6
7 50 /53 5 /6
8 1 /5 3 53 /53 5 /6
9 42 /53 4 /6
10 31 /53 NS
n 8 /5 3 NS
12 3 /5 3 NS




NSj: c o r t e x  n o t  s t i m u l a t e d  a t  t h a t  p o in t .
Fig 35. The e f fe c t  of c o r tic a l  s tim u la tio n  a t  p o in ts  4 and 5 on the  
resp o n se  of two d i f f e r e n t  FDL prim ary  a f f e r e n ts  of a c a t ,  
a n a e s th e t iz e d  w ith  b a r b i t u r a t e s ,  to  ramp s t r e t c h .  FDL 
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F i g  3 6 . A t y p i c a l  d y n a m ic  r e s p o n s e  o b t a i n e d  f ro m  a 
chi o ra l o se -an aes th e ti zed c a t ’s  FDL primary a f fe re n t on c o r tic a l  
s tim u la tio n  a t  an area 1 ma medial to  po in t 5. FDL s tre tc h e d  2 























f i r in g  level stayed high (by 5 ip s) in  the  following cycles. The 
la tency  of the  response was about 200 msec. The po in t of stim ulation  
was 1 rnn medial to  po in t 5 w ith 1.9 mA (surface p o s itiv e ) .
A s t a t i c  f u s im o to r  e f f e c t  on FDL p r im a ry  a f f e r e n t s  i s  
i l lu s t r a t e d  in  f ig  37, where a po in t 1 nm a n te ro la te ra l to  the  Pcd 
was s tim u la te d  an o d a lly  w ith  2.2 mA. The s c a t te re d  f i r in g  of th e  
a f fe re n t before c o r tic a l stim u la tion  as well as f lu c tu a tio n s  in  the 
s t a t i c  f i r i n g  of th e  prim ary suggest th a t  th e  c a t was in  l ig h t  
an aesth esia  having good spontaneous in tra fu sa l a c t iv i ty .  On the o ther 
hand, the spread of irregularity on the ramp s tre tc h  and a lso  a b o litio n  
of th e  s i le n c e  on th e  re le a s e  of th e  s t r e t c h  a l l  suggest th a t  a 
s t a t i c  fusim otor axon(s) was re c ru ite d  on c o r tic a l s tim u la tion . The 
drop in  th e  a f f e r e n t  d isch a rg e  a t  th e  beginning  of th e  c o r t ic a l  
s t im u la t io n  m ight no t e x c lu s iv e ly  re p re se n t an in h ib i t io n  of any 
in tra fu s a l  f ib r e ( s ) ,  ra th e r  i t  may be the spontaneous f lu c tu a tio n  of 
th e  gamma axons only happening a t  th e  tim e of s tim u la tio n . The 
decrease in  s t a t i c  f i r in g  a t  the  time of 0-2 sec and 10-13 sec in  the  
f ig u re  fav o rs  th a t  id e a . I t  i s  reckoned th a t  n u c le a r  chain  f ib r e s  
w ere r e s p o n s ib le  f o r  th e  s c a t t e r  of th e  re sp o n se  b e fo re  th e  
s tim u la tio n  and even during the  course of s tim u la tion .
I I I .  E f f e c t  of C o r t ic a l  S t im u la t io n  on T enu issim us Secondary 
A fferen ts
S ince th e  secondary a f f e r e n ts  a re  m ostly  a f fe c te d  by nuclear 
chain co n trac tio n , and only to  a minor degree by Sb2 and Dbi f ib re s , 
one m igh t n o t f in d  an e x te n s iv e  range  o f d iv e r s e  e f f e c t s  on 
secondaries due to  c o r tic a l s tim u la tio n .
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37. The e f fe c t  of c o r t ic a l  s tim u la tio n  on a FDL primary a f fe re n t 
re sp o n s e  to  ramp s t r e t c h ,  from  a c a t  a n a e s th e t iz e d  w ith  
b a rb itu ra te s . FDL s tre tc h e d  2 itm. C o rtica l s tim u la tio n  shown 














Out o f 12 te n u is s im u s  s e c o n d a r ie s  s tu d ie d  d u r in g  th e  
experim ents, 3 were not responding to  co r tic a l stim ulation  a t  a l l .  
These were th e  ones which were f ir in g  a t  a s ta t i c  level of above 50 
Hz. The p a t te r n  of responses ob ta ined  from seco n d aries  was no t in  
f a c t  as d iv e rse  as those from prim aries and were of 4-5 types.
Fig 38 i l l u s t r a t e s  a graded response of a secondary a ffe re n t 
to  a s l ig h t  in crease  in  stim ulus in te n s ity  from 0.9 mA in  (A) to  1.0 
mA in  (B ). In both cases the  stim ulus was applied to  poin t 4 on the  
co rtex . The la tency  of response was around 200-300 msec. Apart from 
the  i n i t i a l  sharp r is e  in  the f ir in g  of the secondary which died o ff 
in  about two seconds, the mean amplitude of the response during ramp 
hold period  was s l ig h t ly  decreased (4-5 ips) in  A and increased in  B 
(by 10 i p s ) .  Note th a t  th e  sp lay  of th e  s c a t te r  d id  no t a l t e r ,  
suggesting th a t  l ik e ly  whichever in tra fu sa l f ib re (s )  was responsib le  
fo r th e  in crease  in  s t a t i c  f i r in g  above the passive lev e l, i t  was the  
same f ib re ( s )  th a t  was re c ru ited  during the course of s tim u la tion . On 
the  o th er hand, the  s c a t te r  could be due to  a mechanism involving the 
sen so ry  te rm in a ls  and th e re  need no t be any ongoing s t a t i c  gamma 
a c t iv i ty .  Even so , an in tra fu sa l f ib re (s )  was rec ru ited  on c o r tic a l 
s tim u la tio n  which increased the  length  s e n s i t iv i ty  of the secondary 
in  f ig  38 ,B.
One o ther po in t to  n o tice  in  f ig  38,A i s  the re g u la r ity  of the  
a f f e r e n t  f i r i n g  d u ring  changes in  len g th  compared to  th a t  in  ramp 
r e s p o n s e s  b e f o r e  and a f t e r .  T h is  p a t t e r n  o f r e s p o n s e  was 
reproducib le  from an extensive area w ithin the  sensorimotor co rtex , 
even from p o in t 2, a n te r io r  to  c ru c ia te  su lc u s , where i t  i s  more 
l ik e ly  to  r e c ru i t  ex tra fu sa l f ib re s  a t  most of the tim es.
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Fig 38. The e f fe c t  of c o r t ic a l  s tim u la tio n  a t  th e  same p o in t, but 
w ith  d i f f e r e n t  i n t e n s i t i e s  (se e  t e x t )  on th e  response  of a 
ten u iss im u s secondary a f f e r e n t  to  ramp s t r e t c h .  Tenuissim us 
s tre tc h e d  2 mra. C o rtica l s tim u la tio n  shown as s o lid  b ars . 
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Fig  39 re p re se n ts  th e  responses of a secondary a f fe r e n t  to  
anodal s tim u la t io n  of a p o in t 1 mm la te r a l  to  th e  Pcd (above) and 
po in t 2 (below). The response of the secondary a ffe ren t in  f ig  39,A 
was a weak t r a n s ie n t  e f f e c t  s im ila r  to  th e  response in  f ig  38 ,A. 
However, in  f ig  3 9 ,B a lthough  s t a t i c  f i r in g  and th e  sp lay  of th e  
s c a t te r  were increased , the  length s e n s i t iv i ty  was not increased.
Sometimes, as in  th e  case of p r im a rie s , c o r t ic a l  s tim ulation
a b o lish e d  th e  a f f e r e n t  response to  th e  ramp. Fig 40 dem onstrates
th a t  phenomenon. P o in t 5 (A) and 4 (B and C) were s tim u la ted
anodally  w ith 1.15, 0.8 and 1.1 mA current respective ly . In f ig  40,A
the  e f fe c t  was lo n g -la s tin g , fo r the response to  the ramp was a lso
d ep ressed  in  th e  n e x t c y c le  even w ith o u t c o r t i c a l  s t im u la t io n .
A dditive e f fe c ts  of s tim ulation  were present in  f ig  40,B where the
cu rren t was even lower. The length s e n s i t iv i ty  was abolished in  both
*
c y c le s  o f s t im u la t io n .  The reduced  le n g th  s e n s i t i v i t y  of th e  
secondary a ffe re n t i s  obvious in  the next p u ll ,  suggesting again a 
lo n g - la s t in g  e f f e c t  of s tim u la tio n . The p a t te rn  of response was 
alm ost th e  same in  f ig  40 ,C except th a t  th e re  seemed to  be some 
len g th  s e n s i t i v i t y ,  y e t ,  du ring  th e  s tim u la tio n  and a lso  rebound 
a c t iv i t y  in  th e  in t r a f u s a l  f ib r e s ,  suggesting  th a t  a lthough  th e  
p a t t e r n  ap p ea red  to  be v e ry  s im i l a r ,  th e  i n t r a f u s a l  mechanism 
u n d erly in g  th e  changes in  a f f e r e n t  d isch arg e  might no t in  f a c t  be 
s im ila r . The la tency  of the  e ffe c t was about 200-300 msec fo r the 
th re e  records in  f ig  40. Fig 41 demonstrates a p a tte rn  of secondary 
response  to  c o r t ic a l  s tim u la tio n  where th e  s e n s i t iv i ty  to  len g th  
changes may a c tu a lly  have been increased, but i t  i s  very d i f f i c u l t  to
(Strong c o n tra c t io n  of Sb2 f ib r e  in  th e  same po le  can reduce th e
length s e n s i t iv i ty  of a secondary a f fe re n t.)
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39. The e f fe c t  of c o r tic a l s tim u la tio n  of d if f e re n t  p o in ts  (see 
t e x t )  on th e  response of a ten u iss im u s secondary a f fe re n t to  
ramp s tr e tc h .  Tenuissimus s tre tc h e d  2 irm. C o rtica l s tim u la tio n  
shown as s o lid  b ars .
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40. The ab o lish m e n t of th e  re sp o n se  to  ramp s t r e t c h  of 
tenuissim us secondary a f fe re n ts  due to  c o r t ic a l  s tim u la tio n  of 
p o in ts  5 (A) and 4 (B and C) w ith  1 .1 5 , 0 .8  and 1 .1  mA. 
Tenuissimus s tre tc h e d  2 nm. C o rtica l s tim u la tio n  shown as s o lid  
b a rs .
(Conduction v e lo c ity  of th e  f ib re  h, b  ’y&m/sec)
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Fig 41. The e f fe c t  of c o r t ic a l  s tim u la tio n  a t  p o in t 9 on th e  response 
o f  a t e n u i s s im u s  s e c o n d a ry  a f f e r e n t  t o  ramp s t r e t c h .  
Tenuissimus s tre tc h e d  2 rrm. C o rtica l s tim u la tio n  shown as 
s o lid  b a rs .














a s c e r ta in  because of th e  in c reased  s c a t te r .  However, the  secondary 
reached i t s  maximum f i r i n g  during  th e  ramp s t r e tc h  which su g g ests  
th a t  th e  response to  the  pu ll was ce rta in ly  not completely abolished.
Yet an o th e r response p a t te rn  i s  shown in  f ig  42 where th e  
a f f e r e n t  frequency  in c rea se d  to  around 200 ip s ,  bu t i t  was r a th e r  
s h o r t  l a s t i n g  and d id  n o t ex ten d  th ro u g h o u t s tim u lu s  p e r io d .  
S tim ulation  had abso lu te ly  no e ffe c t on response to  length change. In 
f ig  42 th e  responses were a tta in ed  on c o rtic a l stim ulation  of po in ts  
5 (above) and 4 (below ). C urrent of s tim u li ap p lied  was 1 .4  mA in  
both c a se s .
IV. L atencies of In tra fu sa l E ffects
The la te n c y  of i n t r a f u s a l  e f f e c t s ,  e i t h e r  e x c i t a to r y  o r 
in h ib i to r y ,  in  prim ary a f f e r e n ts  of both muscles and tenu issim us 
secondary a f fe re n ts  varied  ex tensively  w ithin a range of 100 msec to  
a b o u t  2 s e c .  The m ean l a t e n c y  f o r  dyn am ic  r e s p o n s e s  i n  
b a rb itu ra te -an ae s th e tiz ed  c a ts  was about 300 msec and i t  was 350 msec 
in  c h io ra lo se d  a n a e s th e tiz e d  c a ts .  The mean la te n c y , however, fo r  
s t a t i c  f u s i m o t o r  e f f e c t s  wa s  a b o u t  650  m s e c  i n  
b a r b i t u r a t e - a n a e s t h e t i z e d  c a t s  and 250 msec in  c h lo r a lo s e d  
an aesth e tized  c a ts . The big v a ria tio n  in  la ten c ies  suggest th a t they 
do n o t n e c e s s a r i l y  r e p re s e n t  la te n c ie s  dependent on d i f f e r e n t  
physical c h a ra c te r is t ic s  of the  descending pathways: d if fe re n t axonal
d ia m e te rs , m yelina ted  o r no t m yelinated  axons e tc .  What could
p o s itiv e ly  be sa id , however, i s  th a t the d iffe re n t stim ulus in te n s ity  
a p p lie d  to  th e  c o r te x  acc o u n ts  f o r  a g r e a t  p ro p o r t io n  of t h i s  
v a r ia tio n . This suggest th a t  much of the time i s  taken up in  bringing  
neurones to  th e i r  th resho ld .
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42. The e f fe c t  of c o r t ic a l  s tim u la tio n  a t  p o in ts  5 (A) and 4 (B) 
on th e  response  of a ten u iss im u s  secondary  a f f e r e n t  to  ramp 
s tr e tc h .  Tenuissimus s tre tc h e d  2 irm. C o rtica l s tim u la tio n  shown 
as s o lid  b a rs .
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SECTION B: E x te rio rised  Muscle Spindle Experiments.
I .  Without Dorsal Root recording
E ig h t ten u iss im u s m uscles were examined in  t h i s  s e r ie s  of 
experiments and in  these seventeen spindles a lto g eth er were ca re fu lly  
uncovered by Dr. Gladden. Some of these spindles are  i l lu s t r a te d  in  
the  Appendix in  ad d itio n  to  those described in  th is  sec tio n .
A. Spontaneous a c t iv i ty  of in tra fu sa l f ib re s  
When c a t s  we r e  f a i r l y  l i g h t l y  a n e s t h e t i z e d  ( u n d e r  
b a rb i tu ra te s ) ,  i t  was unusual not to  have any spontaneous a c t iv i ty .  
In fa c t th e re  was always spontaneous a c tiv ity  in  a t le a s t one of the 
sp ind les  iso la te d . I f  a ca t showed a withdrawal re flex  on squeezing 
the forepaw pad, i t  was believed to  be f a i r ly  lig h t .  The half-opened 
pupil of th e  ca t was another s ign  of the ca t being f a i r ly  l ig h t .  Some 
s i l e n t  sp in d le s  were d riv e n  to  a c t spontaneously  by p re ss in g  th e  
forepaw pad s tro n g ly . Most of the time i t  worked. However, four out 
of s e v e n te e n  s p in d le s  d id  n o t show any spon taneous a c t i v i t y  
throughout th e  whole experiment no m atter what the an aesthe tic  level 
was ( f i g  43) .  Even s tim u la tio n  of sensorim otor co rtex  f a i le d  to  
i n i t i a t e  co n trac tio n  in  the  in tra fu sa l f ib re s .
Spontaneous a c t iv i ty  was most commonly seen in  n u c lea r  cha in  
and s t a t i c  bag2 f ib r e s ,  th e  form er being a c tiv e  in  more s p in d le s . 
Only in  one experiment was a Sb2 f ib re  spontaneously ac tiv e  w ithout 
any n u c le a r  ch a in  f ib r e  a c t i v i t y .  Spontaneous a c t iv i ty  of bo th
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Fig  43. H istogram  showing th e  t o t a l  number of s p in d le s  in  each 
experim ents in  d i r e c t  v is u a l iz in g  s e r i e s  and th e  number of 
sp in d les  w ith  n e ith e r  spontaneous a c t iv i ty  nor recru itm ent from 
th e  c o r tic a l  s tim u la tio n .
H  TOTAL NUMBER OF SPINDLES IN EACH EXPERIMENT 
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nuclear chains and s t a t i c  bag f ib re s  was a lso  observed frequently  in  
sev en  o u t o f t h i r t e e n  a c t iv e  s p in d le s .  Spontaneous a c t i v i t y  of 
d if fe re n t  sp in d les  are  surrmarized in  ta b le  1.
The dynamic bagi f ib re  was spontaneously ac tiv e  only in  th ree  
s p in d le s ;  and th a t  was u su a lly  th e  tim e when th e  c a t was about to  
receive  a supplementary dose of an aesthetic .
An unusual spontaneous a c t iv i ty  was observed in  a sp ind le  shown 
in  the  Appendix, upper photograph (A). The unique pu lsar a c t iv i ty  of 
th is  sp in d le  was in  the  l e f t  pole and the whole sp indle was pu lled  to  
the  l e f t  in  a frequency of about 50/min (the a r te r ia l  pulse ra te  was 
about 100 a t  th e  tim e). I t  seemed th a t the  o rig in  of the  a c t iv i ty  
was ly ing  somewhere in  th e  secondary sensory ending.
B. Innervation  and id e n tif ic a tio n  of in tra fu sa l f ib re s  
One way of assessing  what the innervation of a sp ind le  might be 
i s  by b o th  look ing  a t  i t s  spontaneous a c t iv i ty  and th e  p a t te rn  of 
recruitm ent of in tra fu s a l  f ib re s . In sp indles in  which i t  was c le a r  
which bag was dynamic and which s t a t i c ,  no fu r th e r  h is to lo g ic a l  
s e c tio n in g  was done. F ig 46 g ives some examples of sp in d le s  whose 
innervation  was p o s tu la te d  from th e i r  spontaneous a c t i v i t y  and th e  
p a tte rn  of in tra fu s a l  recru itm ent. Figures 44 and 45 show the p a tte rn  
of in nervation  of in tra fu sa l f ib re s  in  a pole of two sp ind les which 
were reconstruc ted  from s e r ia l  sec tio n s .
In four sp in d les , i t  was not possib le  to  t e l l  fo r su re  which 
bag was dynamic. Therefore, they were fixed  post-experim entally  and 
sectioned  s e r i a l ly  fo r  h isto lo g y . Fig 47 and f ig  48 shows how dynamic 
bag f ib r e s  were d is t in g u is h e d  from s t a t i c  bag f ib r e s  in  p o la r  and 
e q u a to r ia l reg io n s  r e s p e c t iv e ly .  F ig  47 dem onstrate two sp in d les ,
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Fig 44. The p a tte rn  of in n erv a tio n  of th e  l e f t  pole of th e  sp ind le  8 
( ta b le  1) from an a ly s is  of s e r ia l  h is to lo g ic a l sec tio n s .
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45. The p a tte rn  of innervation  of the  r ig h t pole of the  sp ind le  
11 ( ta b le  1) from an a ly s is  of s e r ia l  h is to lo g ic a l se c tio n s .








Fig  46. C ir c u i t  diagram s showing th e  p a t te r n  of in n e rv a tio n  of 7 
sp in d les  (numbers co rrespond  to  th o se  in  t a b le  1) p o s tu la te d  
from  t h e i r  sp o n tan e o u s  a c t i v i t y  and p a t t e r n  o f c o r t i c a l  
re c ru itm e n t in  d i r e c t  v is u a l iz in g  ex p erim en ts. In te r ru p te d  







cross  sectioned  a t  po les, one having two bag fib re s  (A) and the o ther 
one two bag f ib re s  and one long chain f ib re  (B). I t  i s  very obvious 
th a t  th e  e la s t i c  t is s u e  round the Dbi f ib re  i s  considerably le ss  than 
th e  Sb2 f ib re  and even long chain f ib re .
To work out which bag f ib r e  was which between th e  l iv in g  
s p in d le  and th e  sec tio n e d  m a te r ia l ,  i t  was n ecessary  to  have a 
landmark in  th e  specimen a t  the time of observation of sec tio n s . For 
example, in  the  case of f ig  49 where two sp indles (number 8 and 9 in  
ta b le  1) were separated  by an a r te ry , the d is ta n t bag f ib re s  from the  
a r te ry  were the  dynamic bagi f ib re s , the top bag f ib re  of the  upper 
sp in d le  and th e  lower bag f ib re  of the  bottom one. I t  i s  worth noting 
th a t  th e  video p ic tu re  of these two sp indles can be seen in  f ig  51.
F ig u re  48 i s  m eant to  d e m o n s tra te  a n o th e r  c r i t e r i o n  to  
d is tin g u ish  between the bags and th a t i s  the  separation  of dynamic 
bagi f ib r e  from the  r e s t  of in tra fu sa l f ib re s  in  equatoria l region of 
the  two sp in d les . Fig 50 shows the recruitm ent of d if fe re n t types of 
in t r a f u s a l  f ib r e s  of 10 e x te r io r is e d  sp in d le s  on s tim u la tio n  of 
d if f e re n t  lo ca tio n s w ithin the sensorimotor cortex of the  ca t in  each 
case.
C. Recruitment of s ta t i c  in tra fu sa l f ib re s  
Most of th e  tim e, n u c le a r  chains were e a s i ly  re c ru i te d  from 
almost a l l  p o in ts  on the  sensorimotor cortex ( tab le s  1 and 2).
One th ing  to  note i s  th a t  almost always the fusim otor neurones 
innervating  the  Sb2 f ib re  and the  nuclear chain f ib re s  were re c ru ite d  
f i r s t  w ith  a s h o r te r  la te n c y  on s tim u la tio n  of th e  sensorim otor 
cortex  compared to  those innervating  Dbi f ib re s , suggesting th a t they 
have a lower th resho ld .
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47. Cross se c tio n  of sp in d le  9 (A) and 8 (B) a t  po les showing 
almost no e la s t i c  f ib re s  around dynamic bagi f ib r e .  An e la s t i c  
f ib re  i s  in d ica ted  by th e  arrow.
A
48. C ross s e c t io n  of s p in d le  10 (A) and 8 (B) a t  th e  equato r 
re g io n  showing a c le a r  s e p a ra tio n  of th e  dynamic bagi f ib r e  
from th e  s t a t i c  in tra fu s a l  f ib re s .  The n u c le i of th e  s ta t i c  
bag2 f ib r e s  (n) a re  v i s ib l e  in  th e  upper s p in d le .  L, long 
ch a in  f ib r e ;  C, n u c le a r  ch a in  f ib r e ;  OC, o u te r  c a p su le , D, 
dynamic bagi f ib r e ;  S, s t a t i c  bag2 f ib re .
0.1 mm
49. Cross se c tio n  of sp ind les  9 (above) and 10 (below) separated  
by an a r te ry  (A). The two bag f ib re s  c lo se r  to  th e  a r te ry  a re  
s t a t i c  bag2 f ib r e s .  Video p ic tu re s  of th ese  two sp in d les  i s  
shown in  f ig  51. D, dynamic bagi f ib re ;  S, s t a t i c  bag2 f ib r e .
0 .05  mm
50. Diagram in d ic a tin g  th e  p o in ts  w ith in  the  sensorim otor cortex  
from where th e  a c t iv i ty  of in tra fu s a l  f ib re s  could be a ffe c te d  
on s t im u la t io n  in  d i r e c t  v i s u a l i z i n g  experim en ts. Numbers 
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TABLE 1
Spontaneous a c t i v i t y  and re c ru i tm e n t  of i n t r a f u s a l  f ib r e s  on c o r t i c a l  
stim ulation  of each sp ind le  iso la te d  from tenuissimus muscle of the  c a ts  under 
b a rb itu ra te  anaesth esia .
>indle Spontaneous A ctiv ity Recruitment of In tra fu sa l
imber Fibres on C ortical S tim ulation
Sb2 NCs Sb2 +NCs Sb2 +Dbi+NCs Sb2 NCs Sh2 +NCs Sb2 +Dbi+NCs
1 + +
2 n n n n n n n n
3 + + + + + + + +
4 + + + n n n n
5 + + + +
6 + + + +
7 n n n n n n n n
8 + + + + +
9 + + +
10 + + + +
l lrp + + + +
nip + +
12 n n n n n n n n
13 + +* + +**
15 + + + + +
16 + + + +
17 + + +
Abbreviations: rp, right pole; lp/ le f t  pole; n, no activ ity .
*/ **, On on ly  one occasion  th e  two s t a t i c  and dynamic bag f ib r e s  were 
spontaneous a c tiv e  and re c ru ite d  on c o r tic a l stim ulation  (no ch a in s ) .
TABLE 2
The spontaneous a c t iv i ty  and c o r tic a l recruitm ent of the th ree  types of 
in tra fu s a l  f ib re s  in  muscle sp indles iso la te d  in  the  tenuissim us muscle 
of th e  ca t under b a rb itu ra te  anaesthesia.
Sb2 NCs Dbi
Spontaneous A c tiv ity  9 12 5
Recruitment on
C o rtica l S tim ulation 11 10 7
The k inks in  th e  n u c le a r  chain  f ib re s  when th e  sp in d le  was 
sh o rten ed  made i t  s im p le r to  d is t in g u is h  i f  th e  s tim u lu s  could  
r e c r u i t  them o r n o t ,  fo r  i t  s tra ig h te n e d  out th e  k inks to  some 
degree, depending mostly on the  stren g th  of stim ulus applied .
Fig 51 shows two sp ind les above and below an a r te ry , running in  
th e  middle of the  p ic tu re . Focusing on the r ig h t pole of the sp ind le  
on to p , th e  kinked chain  f ib r e s  were s tra ig h te n e d  out w ith  anodal 
s t im u la t io n  ( s u r fa c e  p o s i t iv e )  of 1 .6  mA ap p lied  to  p o s tc ru c ia te  
dim ple (Pcd) f i l l e d  c i r c l e .  A s im ila r  response could be ob ta ined  
repeated ly  by s tim u la tio n  of the same point and other po in ts shown by 
o p en -c irc le s  w ith the  same stim ulus parameters.
The in tra fu s a l  f ib re s  in  the  lower spindle were re c ru ite d  w ith 
th e  same stim ulus, however, th is  i s  not c lea r in  the i l lu s t r a t io n .  
N ote, th e  movement of th e  chain  f ib re s  in  th e  upper sp in d le  was 
towards th e  r ig h t ( r ig h t pole of the spindle in  the p ic tu re ) ,  whereas 
th e  lower sp ind le  had i t s  equator to  the r ig h t of the p ic tu re  and the  
f ib re s  were p u lled  towards the  motor endings on the l e f t .  D etailed  
c i r c u i t  diagrams of these  two sp ind les are shown in  f ig  52.
The Sb2 f ib re  on i t s  own or along with nuclear chain f ib re s  was 
not re c ru ite d  in  the  top sp ind le  ( f ig  51), as i t  u sually  was in  the 
lower one. That does not mean th a t the Sb2 f ib re  in  the  top sp ind le  
was n o t r e c ru i te d  a t  a l l ,  fo r  a t  some s ta g e , Dbi, Sb2 and n u c le a r  
chain f ib re s  were re c ru ite d  a lto g e th er on stim ulation  of po in ts  4 and 
5 w ith 1 .6  mA (S+). U nfortunately , the video p ic tu re  was not too good 
to  frame th e  movement as a f ig u re .
F ig 53 shows graded stra ig h ten in g  of a nuclear chain f ib re  by 
in creasin g  th e  cu rren t from i n i t i a l  level of 0.8 mA to  1.2 mA a t  the 
very bottom p ic tu re . Again, the  point of stim ulation  i s  marked with
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Fig 51. The e f fe c t  of c o r t ic a l  s tim u la tio n  of Pcd ( f i l l e d  c i r c le )  on 
in tra fu s a l  movements of sp ind le  9 and 10 above and below the 
a r t e r y  (A ). C o r t ic a l  s t im u la t io n  o f o th e r  p o in t s  (open 
c ir c le s )  could produce the  same response. The primary region 
of th e  top sp ind le  i s  to  the  l e f t  and th a t  of bottom sp in d le  i s  
to  th e  r ig h t s id e  of th e  p ic tu re . The arrows in d ic a te  a p a ir  of 
kinked n u clear chain f ib re s  in  the  sp in d le  9 (above the  a r te ry )  
a t  two lo ca tio n s  in  th e  top p la te .
0.8 m m
52. P a t te rn  of in n e rv a tio n  of th e  r ig h t  p o le  o f sp in d le  
(above) and th e  l e f t  po le  of sp in d le  10 (below).
250pm
NC
F ig  53. The e f f e c t  of c o r t ic a l  s t im u la t io n  of p o in t  4 ( f i l l e d  
c i r c le )  and o ther p o in ts  (open c i r c le s )  on in tra fu s a l  movements 
o f t h e  r i g h t  p o le  o f th e  s p in d l e  3 . N o te  t h e  g ra d e d  
s tra ig h te n in g  of th e  nuclear chain f ib re s  from above downward. 
The arrow s in d ic a te  a k inked n u c le a r  ch a in  f ib r e  in  th e  top  
p la te  p r io r  to  s tim u la tio n .
0.2 mm
a f i l l e d - c i r c l e  (poin t 4). S im ilar re su lts  were re p e ti tiv e ly  obtained 
from anodal s tim u la tio n  of th e  o p e n -c irc le  p o in ts . The two bag 
f ib re s  overlapped one another and underlay the  nuclear chain f ib re .
F ig u re  54 i s  a n o th e r  s p in d le  w ith  a dom inant sp o n tan eo u s  
a c t iv i ty  of nuclear chain f ib re s  compared to  s ta t i c  bag f ib re  ( in  the 
middle) or the long chain f ib re  (upper th ick  f ib re ) .  The dynamic bag 
f ib r e  (low er f ib r e )  d id  no t show any spontaneous a c t i v i t y  a t  a l l ,  
n e ith e r  was i t  re c ru ited  on s tim ulation  of sensorimotor cortex . On 
anodal s tim u la tio n  of po in t 5 w ith 2.5 mA, nuclear chain f ib re s  were 
r e c r u i t e d  a lo n g  w ith  th e  s t a t i c  bag f i b r e .  The re sp o n se  was 
reproducib le . Although the  po lar s id e  of the  sp indle i s  obvious on 
th e  i l l u s t r a t i o n  ( l e f t ) ,  however, th e  movement of th e  in t r a f u s a l  
f ib r e s  were tow ards r ig h t  hand s id e ,  sug g estin g  th a t  th e  motor 
innervated  p a r ts  of the  f ib re s  were somewhere along the f ib re  to  the 
r ig h t .
Figure 55 shows recruitm ent of a t  le a s t  two gamma motoneurones 
on s tim u la tio n  of th e  Pcd. The sp ind le  consisted  of two bag f ib re s  
(overlapping) and a t  le a s t  th ree  nuclear chain f ib re s . The two lower 
n u c le a r  cha in  f ib r e s  had th e  same rhythm of spontaneous movement, 
su g g es tin g  s tro n g ly  a shared  in n e rv a tio n  by a s in g le  s t a t i c  gamma 
motoneurone. The th ird  nuclear chain- c lo se r to  the bag f ib re s -  was 
in n e rv a te d  independen tly  of th e  o th e r  two ch a in s . I t  was e i th e r  
in d iv id u a lly  innervated or shared the s ta t i c  gamma axon innervating  
Sb2 , fo r  they  moved to g e th e r  on s tim u la tio n . The s tro n g e r  th e  
stim ulus, the  more kinked chain f ib re s  were stra igh tened  out. In th is  
case, th e  s t a t i c  gamma motoneurone innervating  the  two chain f ib re s  
was a ffe c te d  w ith a sh o rte r  latency  compared to  the  one innervating  
both th e  Sb2 f ib re  and the  o ther chain f ib re .
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54. The e f f e c t  of c o r t ic a l  s t im u la t io n  a t  p o in t 5 ( f i l l e d  
c i r c le )  and o th er p o in ts  (open c i r c le s )  on in tra fu s a l  movements 
of th e  l e f t  p o le  of th e  s p in d le  16 (se e  t e x t ) .  The arrows 
in d ic a te  a p a ir  of kinked n u clear chain  f ib re s  in  th e  top p la te  
p r io r  to  c o r t ic a l  s tim u la tio n .
0.2 m m
Fig 55. The e f fe c t  of c o r t ic a l  s tim u la tio n  of Pcd ( f i l l e d  c irc le )  
and o ther p o in ts  (open c ir c le s )  on in tra fu s a l  movements of the 
r i g h t  p o le  o f th e  s p in d le  17. S ch em atic  d iag ram  o f th e  




F ig u re  56 shows th e  prim ary reg ion  of a sp in d le . Sensory 
s p ir a ls  on bag f ib re s  a re  c le a r  in  the middle of the p ic tu re . Anodal 
s tim u la tio n  of p o in t 6 ( f i l l e d  c irc le )  and o ther areas (open c ir c le s )  
a c tiv a te d  the  r ig h t pole of the  sp ind le , more lik e ly  the  Sfcs f ib re .  
As a r e s u l t  th e  whole sp ind le  was pu lled  to  the r ig h t.  One can not 
reco g n ize  i f  any c h a in s - in  th e  lower p a r t  of th e  sp in d le -  were 
a c tiv a te d  on s tim u la tio n  or no t.
I t  would have been n ice  to  have a p ic tu re  of the S region (more 
l ik e ly  S2 or S3, Boyd, 1962) of a sp indle w ith kinked chain f ib re s ,  
where i f  Sh>2 alone could be re c ru ite d  on c o r tic a l s tim ulation  which 
would have increased  th e  kinks in  the  nuclear chain f ib re s . However, 
th a t  was not achieved. What was achieved i s  shown on f ig  57, where 
th e  bag f ib re s  a re  v is ib le  in  th e  background with a secondary axon 
ly in g  on to p  o f them . Anodal s t im u la t io n  of th e  Pcd cau sed  
c o n t r a c t io n  o f th e  Sb2 f i b r e  to  th e  l e f t  hand s id e ,  and a s  a 
consequence, the kink on the secondary axon stra igh tened  out a b i t .  
Nuclear chain f ib re s  were located  a t  the  bottom of the  sp ind le  and 
could be re c ru ite d  on c o r tic a l s tim u la tio n , ra th e r weakly, w ith poor 
v i s ib i l i t y .
Another id ea l s itu a tio n  would be i f  th e re  was a kink in  a bag 
f ib re  somewhere in  th e  s le e v e  reg io n  which was e i th e r  s tra ig h te n e d  
out by co n trac tio n  of th e  f ib re  or more kinked i f  the  nuclear chains 
ad jacen t to  i t  a re  s e le c tiv e ly  but s trong ly  contracted. There was 
one in stan ce  where the bag f ib re  was kinked (Sb2 ); however, i t  was 
n o t r e c r u i t e d  on c o r t i c a l  s t im u la t io n ,  n o r i t  had sp o n tan eo u s  
a c t iv i ty  (Appendix, lower photograph-B).
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Fig  56. The e f f e c t  of c o r t ic a l  s t im u la t io n  of p o in t 6 ( f i l l e d  
c ir c le )  and o th er p o in ts  (open c i r c le s )  on in tra fu s a l  movements 
of sp in d le  3 a t  the  primary region . The whole sp ind le  moved to  
th e  r ig h t  hand s id e  as a r e s u l t  of recru itm en t. The arrows in  
th e  m iddle p la te  in d ic a te  th e  d i r e c t io n  of movement of th e  
in tra fu s a l  f ib re s  during c o r t ic a l  s tim u la tio n .
JWr'Xir..
0 . 2  mm
F ig  57. The e f f e c t  of c o r t ic a l  s tim u la t io n  a t  Pcd on in t r a f u s a l  
f ib r e s  of th e  l e f t  p o le  of th e  s p in d le  3. The secondary 
sensory axon(s) i s  v is ib le  ly ing  on top  of th e  bag f ib re s .
0-2 mm
IL Recruitment of dynamic bagi f ib re
S t im u la t io n  of an a re a  bounded by p o in ts  4 ,5  and 6 was 
e f f e c t iv e  in  a c t iv a t in g  th e  Dbi f ib r e  in  e ig h t of th i r t e e n  a c t iv e  
sp in d les  ( ta b le  2). In most cases where the Dbi f ib re  was re c ru ite d , 
th e  c a ts  were l ig h t  and i t  was necessary to  deepen the anaesthesia  
only a few minutes afterw ards. One th ing th a t was not observed was 
recru itm ent of Dbi f ib re  alone. I t  was always accompanied by Sb2 and 
n u c le a r  ch a in  f ib r e s .  Only in  one sp in d le  were th e  Dbi and Sb2 
f ib re s  re c ru ite d  without any nuclear chain a c tiv a tio n . I t  i s  worth 
no ting  th a t  nuclear chains were not spontaneously active in that experiment 
p r io r  to  stim ulus which rec ru ited  only the  bag f ib re s . The response 
was not reproducib le e i th e r .
One o ther po in t to  remember i s  th a t the Dbi f ib re  never became 
a c tiv e  p r io r  to  o ther in tra fu sa l f ib re s , i . e .  Sb2 or nuclear chains 
f i b r e s ,  on c o r t i c a l  s t im u la t io n .  That m ight s u g g e s t t h a t  th e  
th resh o ld  of dynamic gamma motoneurones may be d if fe re n t from th a t  of 
s t a t i c  ganma motoneurones in  b a rb itu ra te  anaesthetised  c a ts .
E. In h ib itio n  of in tra fu sa l f ib re s  
In th e  sp ind le  where two chains on one hand and a chain and a 
Sb2 on th e  o th e r  were in n erv a ted  by a t  le a s t  two d i f f e r e n t  s t a t i c  
gamma m otoneurones ( f i g  5 5 ) , th e  two n u c le a r  c h a in s  co u ld  be 
i n h i b i t e d  w h ile  th e  Sb2 and one ch a in  f i b r e  were a c t i v a t e d  on 
c o r t ic a l  s tim u la tio n  of poin t 5 w ith a respectab le  s tren g th  of 1.0 mA 
(S+). The response was reproducible even with lower and a lso  w ith 
h igher c u rren ts , but only from the same confined area . Fig 58 shows 
th e  sp in d le  before (A) and during stim ulation  (B). Points where the
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58. The in h ib i to ry  e f f e c t  of c o r t ic a l  s tim u la t io n  a t  p o in t 5 
( f i l l e d  c ir c le )  on spontaneous a c t iv i ty  of th e  two lower chain 
f ib re s  of the  sp ind le  17. The i l l u s t r a t i o n  does not a c tu a lly  
show the  in h ib itio n , i t  only shows th e  recru itm ent of one chain 
f ib re .  The s t a t i c  bag2 f ib re  above th e  chain moved to  th e  r ig h t 












r e s u l t  could be produced i s  a lso  shown on the  c o r tic a l map. Rebound 
a c t i v i t y  on two bottom n u c lea r ch a in s , which were in h ib i te d  was 
vigorous a f te r  stoppage of the stim ulus.
On s tim u la tio n  of o th e r p o in ts ,  however, th e  response was 
a c t iv a t io n  of bo th  s t a t i c  gamma axons, fo r  a l l  th e  n u c le a r  ch a in s 
were p u lled  to  the r ig h t hand s ide .
I I .  E x te rio rised  Muscle Spindle with A fferent Recording
In a s in g le  ca t experiment where one of the muscle sp ind les  was 
uncovered, th e  corresponding prim ary a f fe r e n t  in  L7 was found and 
recorded sim ultaneously. The sp indle could be re c ru ite d  c e n tra lly  on 
c o r t ic a l  s tim u la tio n  of 1-2 mA stim ulus s tren g th . U nfortunately , the  
i n t r a f u s a l  f ib r e s  were so densely  in te rm in g led  so th a t  i t  was no t 
easy a t  a l l  to  d is tin g u ish  movements of nuclear chains from th a t  of 
th e  n u clear bags c le a r ly .
D iffe ren t po in ts  were stim ulated  and a t  most of th e  tim es the 
s t a t i c  e f fe c t  was e l ic i te d .  I t  seemed most l ik e ly  th a t  the  s t a t i c  
bag2 f ib r e  was th e  only in t r a f u s a l  f ib r e  th a t  could  be r e c ru i te d .  
Movements were a lso  confined to  the l e f t  pole of the  sp in d le .
F ig  59 shows th e  s p in d le  p r io r  and d u r in g  th e  c o r t i c a l  
s t im u la t io n  of Pcd, w ith  1 .8  mA (S+). F ig  60 ,A dem onstra tes th e  
corresponding r is e  in  a ffe re n t f ir in g  of the  sp in d le . Fig 60,B i s  
th e  r i s e  in  a ffe re n t f i r in g  with a s im ila r  but weaker movement of the 
in tra fu s a l  f ib re s  in  the  sp ind le  obtained on s tim u la tio n  of po in t 5. 
I t  was more lik e ly  th a t s t a t i c  bag f ib re  was dominantly responsib le  
fo r  th e  movement.
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F ig  59. The e f f e c t  of c o r t ic a l  s tim u la t io n  a t  Pcd on in t r a f u s a l  
movements of th e  sp in d le  in  which th e  a c t iv i ty  of i t s  primary 
a f f e r e n t  was being  reco rd ed  s im u ltan eo u s ly . (co rrespond ing  
changes in  a f fe re n t f i r in g  a re  shown in  f ig  60, A). Above, the  
s p in d le  p r i o r  to  s t im u la t io n ;  below , th e  s p in d le  d u r in g  
s tim u la tio n . The arrows in d ic a te  th e  d ire c tio n s  of movement of 
the  in tra fu s a l  f ib re s  during c o r t ic a l  s tim u la tio n .
0.2 m
F ig  60. Changes in  prim ary a f f e r e n t  d isc h a rg e  of a ten u iss im u s 
muscle sp in d le  on c o r tic a l  s tim u la tio n  of Pcd (A) and p o in t 5 
(B). The primary a ffe re n t o r ig in a te s  from th e  sp in d le  in  f ig
59.







What was remarkable about th is  p a r t ic u la r  primary a ffe re n t was 
th a t  i t s  f i r in g  did  not stop on unloading the muscle sp ind le  which 
happened due to  e x tra fu s a l  c o n tra c tio n  on c o r t ic a l  s tim u la tio n  of 
p o in t 7 (environs of p o s t-c ru c ia te  dim ple). The stim ulus s tren g th  
was about 1.8mA (S+) which apparently could f i r s t  r e c ru it  in tra fu sa l 
f ib r e s  fo llow ed by e x tra fu s a l  c o n tra c tio n . F ig  61 ,B d isp la y s  th e  
s p in d le ,  F ig  61, C shows i t  un loaded  and 6 1 ,A d e m o n s tra te s  th e  
a f fe re n t f i r in g  before , during and a f te r  c o r tic a l s tim u la tio n .
Section C: A fferent P ro jec tion  to  Sensorimotor Cortex
Under b a rb itu ra te  a n a e s th e s ia  i t  was no t p o s s ib le  to  p ick  up 
any su rface  evoked p o ten tia l by stim ulation  of tenuissim us nerve. Dr. 
P roske (p erso n a l communication) suggested  th e  use of c h io ra lo se  
because i s  b e lie v e d  no t to  depress neurones in  c e n tra l  nervous 
system s. U nfortunately, in  s p ite  of using ch io ra lo se , no success was 
achieved in  picking up su rface  evoked p o te n tia ls . Dr. Proske a lso  
mentioned th a t  i f  one does not pick up any su rface  p o te n tia ls ,  one is  
no t l ik e ly  to  ge t anything by even going 1 irm deep in to  the  c o r tic a l 
la y e r s .  Note th a t  emphasis was pu t on th e  a re a s  of senso rim o to r 
co rtex  pointed out by Landgren and S ilfven ius (1969)- f ig  9B.
I .  Tenuissimus Muscle
Work has been done to  i l l u s t r a t e  a f f e r e n t  p ro je c tio n  areas in  
monkeys and c a ts .  I t  i s  w ell known by now th a t  h ind  limb m uscle 
a f fe re n ts ,  both Ia fs and l b 's ,  p ro je c t to  the  sensorim otor cortex  of
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61. The e f fe c t  of c o r tic a l s tim u la tio n  of p o in t 7 on tenuissim us 
muscle sp in d le  in tra fu s a l  movements (B and C) and corresponding 
prim ary a f f e r e n t  d isch a rg e  (A ). C i s  th e  p ic tu r e  of th e  
sp ind le  when weakly unloaded. (An i l l u s t r a t i o n  of th e  unloaded 
sp in d le , during maximal e x tr a fu s a l  c o n tra c t io n , cou ld  no t be 
















Time ( se c . )
th e  c a t .  The a reas  th a t  one i s  more l ik e ly  to  p ick  up any evoked 
p o te n t ia l s  by s tim u la tin g  th e  muscle nerve in  th e  h ind  limb i s  
in d ica ted  by Landgren and S ilfven ius and shown in  f ig  9,B.
In an a tte m p t to  s e a rc h  f o r  th e  p r o je c t io n  of a f f e r e n t s ,  
e s p e c ia l ly  p r im a rie s , of th e  tenu issim us muscle to  senso rim o to r 
co rtex , the  tenuissim us nerve was stim ulated  in  four c a ts , the  f i r s t  
2 anaesthe tized  with b a rb itu ra te s  and the  la s t  2 anaesthetized  w ith 
chi o ra lo se .
The tenuissim us nerve was stim ulated  with square wave pu lses of 
d i f f e r e n t  a m p litu d e . An am p litu d e  o f s l i g h t l y  above th re sh o ld  
( th re s h o ld  being  th e  le v e l of s tim u lu s  s tro n g  enough to  p ick  up 
primary ac tio n  p o te n tia ls  in  dorsal root) and 2XT and 4XT was chosen 
to  r e c r u i t  on ly  p r im a r ie s  and b o th  p r im a r ie s  and s e c o n d a r ie s  
re sp ec tiv e ly .
C o r tic a l reco rd in g  was achieved  through means of a s i l v e r  
b a l l -p o in te d  e le c tro d e  (0 .5  mm in  d iam eter) and th e  ou tpu t of th e  
a m p l i f i e r  was p a sse d  th ro u g h  an a v e ra g e r  to  sh a rp en  up evoked 
p o te n tia ls .
U n fo r tu n a te ly ,  no s u c c e ss  was reach ed  on s t im u la t io n  of 
tenuissim us nerve, no m atter how high the stim ulus s tren g th  might be.
I I .  FPL Muscle
The nerve to  the  FDL muscle was stim ulated  in  th re e  c a ts . In 
th is  case, evoked p o te n tia ls  were e a s ily  picked up in  two c a ts  w ith 
the  same param eters of stim ulus used to  s tim u la te  tenuissim us nerve. 
Note, in  the  case of tenuissim us th ere  was no lb a ffe re n t p resen t in  
th e  n e rv e ; however, in  t h i s  case , l b 's  were s tim u la te d  along w ith  
l a 's  and the  whole group 1 a ffe re n t p ro jec tio n  area could be mapped.
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The maximum p o in t, where the  amplitude of the evoked su rface  p o s itiv e  
p o te n t ia l s  was th e  g r e a te s t ,  f e l l  in  th e  reg ion  of th e  Pcd and a 
reg io n  a n te r io r  to  th e  c ra n ia l t i p  of th e  an sa te  su lcu s .
Both areas coincide with areas pointed out by Landgren and S ilfv en iu s
(1969). However, on one occasion the  evoked p o ten tia l in  the  medial 
maximal po in t (Pcd being the  la te ra l)  was surface  negative w ith  every 
param eter s im ila r  to  those  ob ta ined  b e fo re . The am plitude o f th e  
su rface  p o s itiv e  p o te n tia ls  was about 150 \iV and the latency to  the  
peak of th e  response was ju s t  under 30 msec.
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DISCUSSION
B efore d isc u s s in g  th e  r e s u l t s  d esc rib ed  in  th e  p rev io u s  c h a p te r , 
th e re  a re  seme questions th a t  might occur to  th e  reader which need to  
be answ ered. These q u es tio n s  a re  about th e  cho ice  of a n a e s th e t ic  
u sed , th e  m uscles s tu d ie d , param eters of s tim u li  ap p lie d  to  th e  
c o r te x  and th e  c o n d i t io n  of th e  c o r te x  d u r in g  th e  c o u rse  o f 
experim ents.
Choice of an aes th e tic  agent
An id e a l  a n a e s th e t ic  a g en t would produce unconsc iousness, 
an a lg es ia  and muscle re lax a tio n  su ita b le  fo r  a l l  su rg ica l purposes. 
Although no s in g le  agent i s  without disadvantages i t  should be chosen 
in  a way to  s u i t  these  requirements on one hand and the  conditions of 
th e  ex p e rim en t on th e  o th e r .
Looking back in to  th e  l i te r a tu r e ,  th re e  an aes th e tic  agents have 
been most popular fo r  use in  neurophysiol ogical s tu d ie s : chi o ra l ose, 
b a rb itu ra te s  and h a lo th an e . H alothane, an in h a la t io n  a n a e s th e t ic ,  
was r u le d  o u t to  be u sed  in  our e x p e r im e n ts , b ecau se  o f i t s  
depressan t ac tio n  on the  cardiovascular system in  long experim ents. 
I t  tends to  reduce blood p ressure. R espiratory  problems, profound 
h y p o te n s io n  and c a rd ia c  a r r e s t  m ight a r i s e  w ith  h ig h  d o ses  o f 
halo thane. To reduce halothane*s tox ic  e f fe c ts ,  one might g ive le ss  
a n a e s th e t ic  ( le s s  th an  2%) which, on th e  o th e r  hand, m ight n o t be 
enough to  produce s u f f ic ie n t  sedation  fo r su rg ica l procedures to  be 
c a rr ie d  ou t. Vedel and Mouillac-Baudevin (1970) used fluothane (a 
b ran d  o f h a lo th a n e )  a s  an a n a e s th e t ic  a g e n t .  They r e p o r te d
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" p e rs is te n tly  l ig h t  EMG a c tiv i ty  in  neck and shoulder muscles" during 
th e  co u rse  of t h e i r  experim ents, which m ight be an in d ic a t io n  of 
underusage of th e  an aesth e tic  agent.
C h io ra lo se , our second ch o ice , as  a w idely used a n a e s th e t ic  
agen t in  neurophysio logy , produces a unique p a tte rn  of anaesthesia  
c h a ra c te r iz e d  by bo th  an e x c ita n t  (spontaneous m yoclonic je rk s  in  
response to  s tim u la tio n  such as no ise , touch, . . . e t c )  and depressant 
(sedation  and anaesthesia) ac tio n . The mechanism of ac tio n  remains 
y e t  to  be d i s c lo s e d .  W in te rs  and Spooner (1966) added to  th e  
e v id e n c e  c o n f irm in g  a d u a l a c t i o n  on c h l o r a l o s e  in  t h e i r  
neurophysiol ogical s tu d ie s . But they went fu rth e r  to  conclude th a t  
ch lo ra lo se  does not meet the  c r i t e r i a  necessary to  be c la s s i f ie d  as 
an an ae s th e tic . R ather, they postu la ted  th a t  ch lo ra lo se  hyperexcites 
c e r ta in  b ra in  a re a s  and th a t  th e  responses of c h io ra lo s e d - tre a te d  
a n im a ls  m ore c l o s e l y  m im ic an e p i l e p t o i d  s t a t e  r a t h e r  th a n  
an aesth esia .
In  c o n tra d ic t io n  to  th e  su g g estio n  of W inters and Spooner 
(1966) th a t  c h lo ra lo se  may be e p ile p to g e n ic , Dudley, N elson and 
Samson (1982) suggested th a t  ch lora lose  i s  not an ep ilep togen, and 
i t s  an aes th e tic  ac tio n  appears to  re s u l t  from a depression of regions 
of g ray  m a tte r . Dudley, Nelson and Samson, ad ap tin g  a g lu co se  
u t i l i z a t io n  technique, a lso  reported  th a t ch lo ra lose  appears to  a c t 
as a general depressant except in  c e r ta in  gray areas of th e  m idbrain 
and lower b ra in  stem. Their conclusion was based oh th e i r  estim ates 
of th e  r a t e  of c o r t ic a l  g lucose  use which showed th a t  th e  average 
c o r t ic a l  a c t iv i ty  i s  reduced. Therefore, ch lo ra lo se  may not be an 
e p ile p to g e n , as  g e n e ra lly  accep ted , e s p e c ia l ly  in  our experim ents 
which involved the  co rtex .
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Ketamine, on th e  o ther hand, i s  believed  to  be an epilep togen , 
according to  a s im ila r  study by Nelson e t  a l . (1980). However, i t  
was used in  the  p resen t work only as a s in g le  in tram uscular in je c tio n  
to  cause sedation  fo r  le ss  than an hour to  allow in tro d u c tio n  of a 
venous cannula a t  the  beginning of the  experiment.
B a rb itu ra te s  a re  famous fo r  t h e i r  d e p ressan t e f f e c t  on th e  
c e n tra l  nervous system . Sokoloff e t  a l . (1977), working on r a t s  
a n a e s th e tiz e d  w ith  b a r b i tu r a te s  confirm ed th e  id ea  and added th a t  
b a r b i tu r a te s  m arkedly  d e p re s s  th e  r a t e s  o f g lu c o se  u t i l i z a t i o n  
throughout th e  b ra in , p a r t ic u la r ly  in  gray m atter, and th e  m etabolic 
r a te  throughout gray m atter becomes more uniform a t  a lower le v e l.
T h e re fo re ,  com paring c h lo r a lo s e  and b a r b i t u r a t e s ,  sodium  
p e n to b a rb i to n e  was u sed  in  th e  m a jo r i ty  of experim ents because 
f i r s t l y ,  i t  was u sed  in  p re v io u s  work (G ladden and M cW illiam , 
1977a,b) and we needed to  use th e  same a n a e s th e t ic  i f  com parison 
between re s u l ts  were d e s ira b le . Secondly, according to  evidence given 
above, bo th  a n a e s th e t ic  ag en ts  induce a d ep re ssan t a c t io n  on th e  
cerebrum  and c h lo ra lo se  has no advantage on b a r b i tu r a te s  in  t h i s  
re sp ec t. T hirdly  and f in a l ly ,  i t  was simply e a s ie r  to  use.
Choice of muscles
The tenuissim us muscle was used in  th e  m ajority  of experiments 
because i t  was e a s ie r  to  uncover i t s  s p in d le s . In  a d d i t io n , th e  
l i t e r a tu r e  on th is  muscle, in  co n tra s t to  i t s  almost n o n -s ig n ifica n t 
function  on underlying jo in ts ,  i s  by fa r  g re a te r  than o ther m uscles. 
No o ther muscle was av a ilab le  to  search  fo r  independent con tro l of 
d i f f e r e n t  p o p u la t io n s  of s t a t i c  fu s im o to r  n e u ro n e s , s in c e  th e
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p re s e n c e  o f  th o s e  fu s im o to r  n e u ro n e s  i n  m u sc le s  o th e r  th a n  
ten u iss im u s  has n o t been proven y e t ,  n e i th e r  h i s to lo g ic a l ly  nor 
ph y sio lo g ica l1y .
Flexor digitorum  longus (FDL) was chosen not as a physio logic 
an tag o n ist fo r  tenuissim us muscle, as i t  su re ly  i s  n o t, but to  t e s t  
th e  e f f e c t  of c o r t ic a l  s tim u la tio n  on th e  fusim oto r system  of a 
second hind limb muscle. FDL i s  a physiologic f lex o r of the  hind limb 
d ig i t s  whereas tenuissim us ac ts  on d if fe re n t jo in ts ,  namely h ip  and 
knee. Therefore, th e re  i s  no s im ila r ity  between these  s tu d ie s  and 
th a t  of Vedel and M ouillac-Baudevin’s (1970)., where tru e  physiologic 
an tag o n ists  were te s te d : soleus and t i b i a l i s  a n te r io r  muscles -  both 
fm o tio n in g  on the  ankle jo in t .  Another reason why FDL was chosen 
was i t s  use by our colleague Michael Dickson in  th e  same laborato ry  
working on th e  in f lu e n c e  of b ra in  stem  n u c le i on th e  fu sim o to r 
system.
Stimulus param eters
I t  was p re fe rred  to  use "curren t"  as th e  v a riab le  of in te n s i ty  
r a th e r  th an  v o lta g e  which was used by Vedel and M ouillac-B audevin
(1970). In  re c e n t l i t e r a t u r e ,  i t  i s  u su a lly  th e  c u rre n t th a t  has 
been p re fe ra b ly  used . I t  d i r e c t ly  p re se n ts  th e  c u rre n t th a t  i s  
passed  th rough  a network of r e s is ta n c e s :  s tim u la tin g  e le c tro d e , 
p ia-covered co rtex , some depth of c o r tic a l t is s u e  a l l  the  way back to  
the  in d if fe re n t e lec tro d e  i t s e l f .  The overall impedance i s  assumed 
to  be c o n s ta n t;  th e r e fo re ,  any change in  c u rre n t w ill  d i r e c t ly  be 
app lied  to  th e  cortex .
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S u rfa c e  p o s i t i v e  (a n o d a l)  p u ls e s  were m o stly  u sed  in  our 
experim ents, although in  some experiments both su rface  negative and 
p o s itiv e  pu lses were applied  to  the cortex . The advantage of using 
su rface  p o s itiv e  s tim u la tion  i s  the lower th resho ld  of th e  c o r tic a l 
neurones compared to  cathodal (su rfa c e  n eg a tiv e ) s tim u la tio n . The 
f a c t  t h a t  anodal th re s h o ld s  a re  low er th a n  c a th o d a l was f i r s t  
d isco v e red  in  th e  dog by F r i ts c h  and H itz ig  (1870). Working on 
alpha-motoneurones, L iv ingston  and P h i l l ip s  (1957) a lso  re p o rte d  a 
lower anodal th re sh o ld  fo r  f l i c k  movements of th e  c o n t r a la te r a l  
fo re l im b  o f th e  c a t .  The lo w est - th r e s h o ld  fo cu s  f o r  m otor 
resp o n ses  from th e  c a t 's  co rtex  i s  n ear th e  l a t e r a l  end of th e  
c ru c ia te  su lcus; a t  th is  focus a large  population of "Betz" c e l ls  i s  
u s u a lly  to  be found on th e  convexity  of th e  l a t e r a l  p a r t  of th e  
a n te r io r  sigmoid gyrus where i t  i s  continuous w ith the  coronal gyrus 
(L ivingston and P h il l ip s ,  1957). They claimed th a t su rface  anodal 
th r e s h o ld  was u s u a l ly ,  b u t n o t a lw ay s, low er th a n  th e  s u r f a c e  
ca th o d a l.
I t  was assum ed th a t  i t  i s  th e  same c o n s id e r in g  fu s im o to r 
neurones and our re s u lts  confirm th a t most of the  tim e, th e  th resho ld  
fo r  fusim otor neurones in  the  sensorimotor cortex  i s  lower fo r  anodal 
s tim u la tio n  than cathodal ( f ig  13).
S ta te  of th e  sensorim otor cortex
In experiments ca rrie d  out in  mid 7 0 's (Gladden and McWilliam, 
1977a,b), th e  cortex  was simply kept moist while i t  was s tim u lated  
and a t  th e  same tim e they  were no t g e t t in g  c o n s is te n t fu sim oto r 
e f f e c t s  from  th e  same c o r t i c a l  a re a s  in  d i f f e r e n t  c a t s .  I t  i s  
believed  th a t  CO2 escape from the surface of the  pia-covered cortex
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lo w ers  th e  e x t r a c e l l u l a r  c o n c e n tra t io n  of pC0 2  w hich e l i c i t s  
au to regu la to ry  responses. A utoregulation, in  tu rn , w ill be re f le c te d  
a s  a r e d u c t io n  in  th e  d ia m e te r  of lo c a l  a r t e r i e s  and f i n a l l y  
d e te r io r a t io n  of th e  c e re b ra l blood flow . T h erefo re , i t  seems 
c ru c ia l  to  p rev en t CO2 escape from th e  c o r te x . Kuschinsky e t  a l . 
(1972) covered the  cortex  w ith a reasonable amount of warm mineral 
o i l  and demonstrated th a t i t  could stop  much of the CO2 escape. With 
th a t  sim ple technique, one can be f a i r ly  sure  th a t  the  blood flow of 
th e  cerebrum s tay s  reasonably good throughout the  experiment. In fa c t  
th e  technique has been used as a rou tine  method in  a l l  p ia l vessel 
experiments in  v e te rin a ry  school of Glasgow U niversity  s in ce  then.
Topographical Mapping of the  Sensorimotor Cortex
One of th e  o b je c tiv e s  of th e  p re se n t study  was to  f in d  a 
topographical map of the sensorim otor cortex  fo r fusim otor c o n tro l. 
The fusim otor e f fe c ts  given in  the  re s u l ts  were obtained exclusive ly  
from the  c o n tra la te ra l cortex  in  order to  define the c o r tic a l regions 
p a r t i c u la r ly  invo lved  in  th e  p ro d u c tio n  of changes in  fu sim oto r 
system of both the  tenuissim us and FDL. I t  seems th a t po in ts  4, 5 
and 6 f a l l  in  an a re a , from where th e  dynamic bagi f ib r e  can be 
re c ru ite d . Therefore the  area might be re fe rre d  to  as the  "dynamic 
a rea" . I t  i s  worth noting th a t in  only one ca t out of 23 ( f ig  20), 
an e x c ita tio n  of the  dynamic bagi f ib re  was obtained on s tim u la tio n  
of a po in t away from th e  dynamic area .
One th in g  to  n o tic e  i s  th e  sm all s iz e  of th e  dynamic a re a  
compared to  th e  whole a rea  of th e  sensorim oto r co rte x  from which 
fusim otor e f fe c ts  can be e l ic i te d .  E xcita to ry  s t a t i c  e f fe c ts ,  on the  
o th e r  hand, can be a t ta in e d  from alm ost a l l  over th e  senso rim oto r
103
area! There a re  several reasons fo r th is .  One, simply i s  the  number 
of dynamic gamma axons innervating  Dbi f ib re s  compared to  a la rg e r  
number of s t a t i c  gamma axons innervating o ther in tra fu sa l f ib re s .  The 
r a t io  of dynamic gamma axons over s ta t i c s  i s  sa id  to  be 1 to  3 or 4.
M uscle r e c e p to r s  as  w ell as  j o i n t  and s k in  r e c e p to r s  a re  
capable of producing a sense of k in esth esia . The cortex  i s  one of the  
s t r u c t u r e s  t h a t  i s  b e l ie v e d  to  have a c c e s s  to  b o th  incom ing 
in f o r m a t io n  from  p r im a ry  and s e c o n d a ry  a f f e r e n t s ,  r e l a y i n g  
in fo rm a tio n  about th e  in s ta n ta n e o u s  len g th  of th e  m uscle, and th e  
a b i l i ty  to  ad ju s t sp in d le  a ffe re n t s e n s i t iv i ty  v ia  outgoing irrpulses 
through gamma motoneurones to  in tra fu sa l f ib re s . However, i t  i s  much 
more com plicated  to  use  in fo rm atio n  from prim ary a f f e r e n ts  r a th e r  
th a n  s e c o n d a r ie s  b ecau se  f i r s t l y  p rim ary  a f f e r e n t s '  d isc h a rg es  
o r ig in a te  from a l l  in tra fu s a l f ib re s  which are  under the  in fluence of 
a t  le a s t  two main gamma populations, s ta t i c  and dynamic. Secondly, i t  
i s  dependent on the  v e lo c ity  and the d ire c tio n  of movement. Thirdly  
and more im portantly , i s  th e  fa c t th a t  the  primary a ffe re n t d ischarge 
i s  a n o n l in e a r  re sp o n se  to  le n g th  ch an g es . On th e  o th e r  hand 
secondaries g ive a much sim pler signal to  the  b ra in  and th is  has two 
advan tages: f i r s t l y  th a t  i t  i s  much le s s  a f fe c te d  by movement and 
secondly i t  i s  influenced only by s t a t i c  gamma axons. Moreover, i t  i s  
e s ta b lish e d  by now th a t  the  nuclear chain f ib re s  a re  most e f fe c tiv e  
in  providing a large  p o s itiv e  b ias  to  the discharge of both primary 
and secondary  e n d in g s . T h e re fo re , h av ing  in fo rm a tio n  ab o u t th e  
ongoing a c t i v i t y  of s t a t i c  gamma axons ( in n e rv a tin g  n u c le a r  ch a in  
f ib re s )  and secondaries ' d ischarges of a muscle, i t  i s  f a i r ly  easy to  
work o u t  t h e  l e n g th  o f th e  m u sc le  (w h ich  i s  th e  s e n s e  o f 
k in e s th e s ia ) . Although no p a r tic u la r  s tru c tu re  in  the  cen tra l nervous
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system i s  known to  do so, the ro le  of the sensorim otor cortex  may not 
be ru led  ou t. On the  o ther hand, re ca llin g  the  idea of nuclear chain 
f ib re s  being th e  most im portant in tra fu sa l f ib re s  in  producing a good 
gateway fo r  th e  sen se  of k in e s th e s ia ,  s in c e  they  a re  capab le  of 
in creasin g  th e  length  s e n s i t iv i ty  of secondaries, one can no t see any 
lo g ic a l  re a so n  f o r  h av in g  an e x te n s iv e  a re a  d ev o ted  to  axons 
in n erv a tin g  Dbi f ib r e s .
I t  has been shown th a t  dynamic and s t a t i c  gamma axons a f fe c t  
d i f f e r e n t  components of th e  prim ary and th e  secondary responses to  
s t r e t c h  (Boyd, Murphy and Moss, 1985; Boyd, 1985). I t  i s  b e lie v e d  
th a t  s t a t i c  gamma axon s tim u la tio n  in c re a se s  leng th  s e n s i t iv i ty  of 
th e  secondary ending (Jami and P e t i t ,  1978) while dynamic gamma axon 
s t i m u l a t i o n  can  in c r e a s e  t h a t  o f  th e  p r im a r i e s .  A r e c e n t  
c o llab o ra tin g  work between Glasgow and P aris  (unpublished) shows the  
same phenomenon on th e  prim ary a f fe r e n t  d isch a rg e  in  ten u iss im u s 
m uscle of th e  c a t  ( f ig  62). Note th a t  th e  in c re a se  in  th e  le n g th  
s e n s i t iv i ty  of the  primary a ffe ren t d id  not l a s t  to  the  end of the 
dynamic gamma stim u la tio n , apparently  due to  th e  adap ta tion . I f  the  
m atte r of ad ju stin g  s e n s i t iv i ty  to  length  changes i s  being taken care  
of a t  th e  le v e l of sp in a l cord ( in  sp in a l r e f le x e s )  one can no t 
imagine why would th ere  be in  the  sensorimotor cortex  a n ecess ity  fo r 
an  e x a c t  d u p l i c a t io n  r a th e r  th a n  d e d ic a te  more s o p h i s t i c a t e d  
fu n c tio n s  to  h ig h e r c e n tra l  nervous system  ( i . e .  cerebrum ). What 
could be then th e  ro le  of the  cortex  in  motor con tro l?  Is  i t  capable 
of o v er-rid in g  gamma motoneurone a c t iv i ty  in  the sp inal cord o r can 
i t  only a d ju s t th e  fusim otor balance as the  cerebellum does fo r  alpha 
motoneurones? Some of the  re s u l ts  support the  former idea and some 
th e  l a t t e r .  For in s ta n c e ,  on o c c a s io n s  w here th e r e  was o n ly
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62, Upper tra c e : the  e f fe c t  of s tim u la tin g  a dynamic axon in  the 
v en tra l ro o ts  on the  response of a tenuissim us primary a ffe re n t 
to  ramp s t r e t c h .  Lower t r a c e :  th e  response  to  p a s s iv e  ramp 
s tr e tc h  only. Open arrow in d ica te s  increased  leng th  s e n s i t iv i ty  
due to  s t im u la tio n ; f i l l e d  arrow in d ic a te s  no in c re a se  in  
le n g th  s e n s i t i v i t y  even in  th e  p re se n c e  o f gamma dynamic 


























f a c i l i t a t i o n  of th e  response to  the  peripheral stim ulus (e .g . ramp 
hold s tre tc h )  and a lso  a simultaneous increase in  s t a t i c  f i r in g  level 
of s p in d le  prim ary a f f e r e n ts ,  th e  co rtex  i s  r a th e r  a d ju s tin g  th e  
a c t i v i t y  of s p in a l  gamma m o to n eu ro n es . However, when th e  u su a l 
response to  th e  p eripheral stim ulus i s  abolished (th e  physio logical 
importance of which in  unknown to  me), then the  cortex  i s  revealing  
i t s  a b i l i t y  to  o v e r - r id e  th e  ongoing a c t i v i t y  of s p in a l  gamma 
motoneurones. With above examples i t  seems th a t  the  cortex  might be 
ab le  to  do both. However, the  above statem ents can be c r i t ic iz e d  in  
th a t  " in  physio logical conditions a re  the  c o r tic a l neurones su b jec t 
t o  a s  s t r o n g  a s t im u lu s  a s  we a p p l ie d  d u r in g  th e  c o r t i c a l  
s tim u la tio n : 200 Hz and an average cu rren t of about 2.0 mV while a t  
th e  same tim e th e  sp in a l gamma motoneurones a re  f i r i n g  a t  a low 
le v e l , w ith  an average primary a ffe re n t frequency of about 25 Hz? " 
Whatever th e  rea l answer i s ,  one can assume th a t  w ith the presence of 
a t  le a s t  th re e  types of ganma motoneurones in  the  sp inal cord th e re  
should c e r ta in ly  be a cen tre  to  "balance" the  a c t iv i ty  of the th re e , 
s in c e  an o v e r - a c t i v i t y  of any o f them would b ia s  w rongly  th e  
ascending inform ation to  h igher cen tra l nervous system. Why could the  
cen tre  not be the  sensorim otor cortex  since  i t  seems to  be ab le  to  
have in f lu e n c e  on sp in a l gamma motoneurones and a t  th e  same tim e 
rece ives inform ation from muscle sp ind le  a ffe ren ts?
I t  was n o t  p o s s i b l e  t o  s h a r p ly  map th e  a r e a s  o f  t h e  
sensorim otor co rtex , from where d if fe re n t s t a t i c  gamma axons could be 
re c ru ite d . However, in  a broad sense, taking a lso  re s u l ts  of d ire c t  
observation  of in tra fu s a l f ib re s  in to  account, the s t a t i c  bag2 f ib re  
cou ld  be r e c ru i te d  from th e  whole a rea  w hile  n u c le a r  cha in s  could  
e i th e r  be re c ru ite d  from the  same area or from a more confined area
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w ith in  i t  ( f ig  63). Although Vedel and Mouillac-Baudevin (1970) d id  
n o t g iv e  d e t a i l s  about t h e i r  p o in ts  of s tim u la tio n  on o b ta in in g  
e x c i ta to ry  dynamic e f f e c t s ,  going only by th e i r  g rap h s, th e  a re a  
seems to  be c o in c id in g  e x a c tly  to  our "dynamic a re a " . So does th e  
c o r t i c a l  a r e a  o f G la d d e n 's  e x p e r im e n ts  on 1982 ( p e r s o n a l  
communication). U nfortunately, the area where d if fe re n t populations 
o f s t a t i c  ganma axons could be s e le c t iv e ly  r e c ru i te d  could  n o t be 
mapped w ith our r e s u l ts .
E x te rio rised  Muscle Experiments
The an a ly s is  of re su lts  obtained from d ire c t  v isu a liz a tio n  of 
i n t r a f u s a l  f i b r e s  of te n u is s im u s  m uscle  s p in d le s  on c o r t i c a l  
s tim u la tio n  involved the  assumption th a t movement of the dynamic bagi 
f ib r e  s ig n if ie d  th a t  dynamic ganma axons were ac tiv e  and movement of 
th e  s t a t i c  bag2 f ib re s  or nuclear chain f ib re s  s ig n if ie d  a c t iv i ty  of 
s t a t i c  gamma axons. This assum ption follow ed from th e  m icroscop ic  
observations of liv in g  sp ind les during stim u la tio n  of s in g le  s t a t i c  
ganma axons, and dynamic ganma or be ta  axons (Boyd e t  a l .  1975, Boyd 
e t  a l . ,  1977; Bessou and Pages 1975). Both groups in  B r i ta in  and 
P aris  re sp ec tiv e ly  a p p a ren tly  agreed  th a t  movement of dynamic bagi 
f ib r e s  occu rred  only du ring  s tim u la tio n  of dynamic ganma and b e ta  
axons, and s tim u la tio n  of s t a t i c  ganma axons caused movement of 
s t a t i c  f ib re s  only.
Unlike Gladden and MdWilliam (1977a,b) and Gladden (1981) who 
reported  spontaneous a c t iv i ty  of Sk>2 f ib re  in  a l l  16 uncovered muscle 
sp ind les  s tud ied  ( in  l ig h t  anaesthesia  or in  decerebrate  c a ts ) ,  our 
re s u l ts  show th a t  Sb2 f ib r e s  were n o t always spon taneously  a c t iv e .
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63. Diagram showing th e  dynamic (dark s tip p le d )  and the  area  from 
w here s t a t i c  fu s im o to r  axons co u ld  be r e c r u i t e d  ( l i g h t  
s tip p le d ) . S .c r . ,  c ru c ia te  su lcus; S .a .,  ansate  su lcu s .
Dynamic area
They were a c tiv e  in  9 out of 14 ac tiv e  sp ind les ( ta b le  2 ). In f a c t ,  
n u c le a r  ch a in  f ib r e s  were a c t iv e  in  more s p in d le s , 11 ou t of 14. 
However, they reported  th a t  nuclear chain f ib re s  were not so lik e ly  
to  be spontaneously a c tiv e  as s ta t i c  bag2 f ib re s  in  l ig h t  anaesthesia  
or decerebrate  anim als.
Dynamic bagi f ib r e s  were seen to  be spon taneously  a c t iv e  in  
l ig h t  anaesthesia  in  5 out of 14 ac tiv e  sp ind les in  f iv e  d if f e re n t  
c a ts .  Again, th is  i s  a h igher incidence of spontaneous dynamic ganma 
a c t i v i t y  compared to  th e  r e s u l t s  rep o rted  by Gladden (1981) where 
th re e  muscle sp ind les (only in  two ca ts) out of 16 showed spontaneous 
a c t i v i t y .  I t  seems th a t  dynamic fu s im o to r  n eu ro n es  a r e  more 
s u s c e p t ib le  to  a n e s th e t ic s ,  as they  come l iv e  ju s t  b e fo re  anim als 
need  su p p lem en ta ry  d o ses  of a n a e s th e t i c .  However, G ladden and 
McWilliam (1977a,b) and Gladden (1981) d id  no t spend much tim e to  
observe the  spontaneous in tra fu sa l a c t iv i ty  of muscle sp ind les  under 
a n a e s th e s ia  because they  wanted to  s tudy  th e  same o b je c tiv e s  in  
d e c e r e b r a t e d  and s p in a l  c a t s .  T h e r e f o r e ,  th e y  c a r r i e d  o u t 
d e c e r e b r a t io n  im m ed ia te ly  a f t e r  a s h o r t  p e r io d  of s tu d y  u n d er 
an aesth esia . This may explain  the le sse r  incidence of spontaneous Dbi 
a c t iv i ty  in  th e i r  experiments compared to  ours.
The r e s u l ts  genera lly  agree with those of Gladden and McWilliam 
(1977a) where ligh ten ing  of anaesthesia  enabled recruitm ent of more 
types of in tra fu s a l  f ib re s .  Moreover, these r e s u l ts  helped to  map th e  
sensorim otor cortex  topographically  (previous se c tio n ) . Furthermore, 
e x te r io r i s e d  sp in d le s  helped  to  some degree to  uncover in t r a f u s a l  
movements r e s p o n s ib le  f o r  changes in  a f f e r e n t  d is c h a rg e  due to  
c o r tic a l  s tim u la tio n . F in a lly , the  completely new find ing  was the  
assessm ent of independent co n tro l of two s t a t i c  gamma axons, one
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which exclusive ly  innervated chain f ib re s  in  the  sp ind le  ( f ig  61) was 
in h ib i te d  and th e  o th e r , which in n erv a ted  a chain  f ib r e  and a Sb2 
f i b r e  was e x c i te d .  T h e re fo re , i t  i s  w orth  a p p r e c ia t in g  th e s e  
experim ents, because dorsal root recording w ith th e  p resen t lim ited  
knowledge on th e i r  in te rp re ta tio n  of sensory ending events could not 
have rev ea le d  th e  phenomenon of independent co n tro l of d i f f e r e n t  
s t a t i c  gamma axons.
On c o r tic a l  s tim u la tio n , dynamic bagi f ib re s  of 7 sp ind les  ( in  
f iv e  c a ts )  were re c ru ited . In a l l  seven sp in d les , the  s t a t i c  bag2 
f ib re s  as well as nuclear chain f ib re s  were rec ru ite d  sim ultaneously, 
except in  one case where only Sb2 f ib re s  were rec ru ite d  w ith th e  Dbi 
f ib re s .  Again, th is  confirms the  idea introduced by Gladden (1981) 
th a t  a pure e x c ita tio n  of dynamic gamma motoneurone i s  d i f f i c u l t  to  
o b ta in  by c o r t ic a l  s t im u la tio n . At le a s t  two d i f f e r e n t  p o s s ib le  
mechanisms may be re sp o n s ib le  fo r  t h i s  phenomenon. One i s  d e riv e d  
from th e  f a c t  th a t  th e  Dbi i s  more s u s c e p tib le  to  a n a e s th e s ia ,  
su g g e s tin g  th a t  once th e  dynamic gamma axons a r e  sp o n ta n e o u s ly  
a c tiv e , th e  s t a t i c  gamma axons are  ac tiv e  too . Supposing a s im ila r  
th resh o ld  level fo r the  e x c ita tio n  of these d if fe re n t gamma axons a t  
c o r t ic a l  le v e l ,  a t  a tim e when they  a re  a l l  spon taneously  a c t iv e ,  
might exp lain  th e  recruitm ent of s ta t i c  in tra fu s a l f ib re s  joined w ith 
dynamic bagi f ib re  recru itm ent.
The o th e r  p o s s i b l e  m echanism  m ig h t be a d iv e r g e n c e  o f 
descending pathways onto ganma motoneurones somewhere a t  th e  lev e l of 
sp ina l cord, an idea which needs to  be elaborated  fu r th e r . I t  i s  well 
known by now th a t  gamma motoneurones in  the  sp inal cord a re  a t  le a s t  
of th re e  types: one dynamic and two s ta t i c s .  There seems not to  be a 
n ecess ity  to  have th ree  d is t in c t  descending descending pathways onto
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gammas from the  cortex to  control the  corresponding th ree  types in  
the  sp ina l cord. Having in  mind the  fa c t th a t  the  motor cortex  i s  not 
a pioneer s tru c tu re  in  in i t i a t io n  of voluntary movements (a t le a s t  in  
p rim ates  and humans), one can imagine th e  p resence of a s in g le  
descending  connections from a s in g le  type of neurone which under 
p h y s io lo g ic  co n d itio n  could  co n tro l th e  a c t i v i t y  of a l l  d i f f e r e n t  
types of gamma motoneurones in  the  sp inal cord providing a complex 
n e u ro n a l c o n n e c tio n  and v a r io u s  l e v e l s  of e x c i t a b i l i t y  among 
d if fe re n t  types of gamma motoneurones, th e  two fa c ts  th a t  a re  known 
to  e x i s t  in  th e  c e n tra l  nervous system .. One way of approaching  a 
s o lu t io n  f o r  t h i s  th e o ry  i s  by a b la t in g  te c h n iq u e s  to  s e e  i f  
abolishment of a s tru c tu re  or a pathway w ithin  the  cen tra l nervous 
system dism isses the  in fluence of the  cortex  on a l l  types of ganma 
m otoneurones. T hat, of co u rse , does no t c o n tra d ic t  th e  f a c t  th a t  
gamma m otoneurones a re  under s e p a ra te  c o n t r o l . Inform ation such as 
synap tic  connections a t  d if fe re n t lev e ls  w ith in  the  cen tra l nervous 
system, neuro transm itte r and co-neurotransm itter re le a se  a t  th e  s i t e  
of neurone to  neurone ju n c tio n s , v a r ia t io n  in  e x c i t a b i l i t y  w ith in  
gamma motoneurone pool, and much more, i s  needed to  prove the  l a t t e r  
second p o ss ib le  mechanism s ta te d  above.
Gladden and McWilliam (1977 a ,b ) suggested f i r s t l y  th a t  th e i r  
r e s u l ts  were compatible w ith the conclusion th a t th e  cen tra l nervous 
sy stem  can c o n tro l  th e  dynamic bagi f i b r e s  of m uscle  s p in d le s  
e n t i r e ly  se p a ra te d  from th e  s t a t i c  bag2 f ib r e s  and n u c le a r  cha in  
f ib re s .  The p resen t r e s u l ts  confirm th e i r  find ings. The reason why 
th e se  r e s u l t s  sup p o rt th e  view th a t  dynamic bagi f ib r e s  a re  under 
s e p a ra te  co n tro l a re  as fo llo w s. F i r s t l y ,  they  were th e  l a s t  to  
become spon taneously  a c t iv e  in  l ig h t  a n a e s th e s ia  and th e  f i r s t  to
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stop  during deepening anaesthesia . Secondly, co n trac tio n  of dynamic 
bagi f ib re s  o ften  occurred seq u en tia lly  w ith th a t  of o th er in tra fu s a l 
muscle f ib re s . T h ird ly , a d d itio n a l evidence comes from f in d in g s  of 
Gladden (1981) where i n t r a c e l lu l a r  reco rd in g  of nuclear bag f ib re s  
showed no c lo se  c o rre la tio n  between junctional p o te n tia ls  of th e  two 
bags so th a t  i t  could not be believed th a t  the  two bag f ib re s  have 
p o ssib ly  a common innervation .
In ad d itio n , s in c e  Dbi f ib r e s  could  be e x c lu s iv e ly  r e c ru i te d  
from  a v e ry  c o n fin e d  a r e a ,  th e  s o - c a l l e d  "dynam ic a r e a " ,  t h i s  
in c reases  the  weight of evidence in  favour of independent contro l of 
Dbi f ib re s  from s t a t i c  bag2 f ib re s .
The p resen t d ire c t  observation re s u l ts  n e ith e r  support nor ru le
out th e  glycogen-depletion evidence where Barker e t  a l . (1976b) and
L aporte  (1979) rep o rted  th a t  gamma s t a t i c  axons innervated  dynamic 
bagi f ib re s .  C onsistent recruitm ent of the  Sb2 f ib re  along w ith the
Dbi f ib re  in  our experiments might apparently  support the  idea put
f o r th  by B arker e t  a l . (1976b) and L aporte  (1979). I n t r a c e l lu l a r  
record ings necessary to  reso lve the  d i f f ic u l ty  of the  argument were 
done by Gladden (1981) which showed th a t  the  innervation  of Dbi and 
Sb2 can not take p lace by means of a common s t a t i c  gamma axon. None 
of those  in t r a c e l lu la r  technique were u t i l iz e d  in  th ese  experiments 
( fo r  more d e ta i l s ,  re fe r  to  Gladden, 1981). However, in  two out of 
four h is to lo g ic a lly  sectioned sp ind les where th e re  seem to  be th ree  
th ic k  in t r a f u s a l  f ib r e s ,  one was d e f in i t e ly  a long n u c le a r  cha in  
having common innervation  w ith Dbi f ib re  ( f ig  45). The o ther sp ind le  
(a lso  disp layed  in  f ig  44) has got a common innervation  between the 
two th ic k  in t r a f u s a l  f ib r e s ,  su sp ec ted  to  be a long ch a in  ag a in . 
However, i t  needs to  be se c tio n e d  in  th e  r ig h t  p o le  in  o rd e r to
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confirm  th a t  i t  i s  a long chain, fo r they are  u su a lly  th ick  in  one 
pole and have an ordinary s iz e  of a nuclear chain f ib re  on the  o ther 
po le .
One m ight argue th a t  c o r t ic a l  s tim u la tio n  may have a c tu a l ly  
ex c ited  dynamic or s t a t i c  ganma axons innervating  Dbi and Sfc>2 f ib re s  
b u t th e se  d id  n o t move during  c o r t ic a l  s tim u la t io n , because th e  
recru itm ent was so weak, w ith a ra te  le ss  than 15 pu lse  per second. 
These r e s u l t s  do n o t g ive  a c lu e  about th a t  k ind  of re c ru itm e n t. 
However in  s p i t e  of th a t  f a c t ,  a l l  th e  p o in ts  where a fusim oto r 
re sp o n se  was n o t e l i c i t e d ,  n e i th e r  s t a t i c  n o r dynam ic, w ere 
s tim u la ted  w ith a s tronger pulse up to  a po in t where th e re  was alpha 
motoneurone recru itm en t. T herefo re , co n fin in g  th e  a n a ly s is  to  only 
what c o u ld  be o b se rv ed  on v id e o ta p e s ,  i s  n o t a t e r r i b l y  bad 
lim ita tio n  and observations can in  fa c t reveal a g rea t d ea l.
Because e x tra fu sa l c o n tra c tio n  pu t th e  m uscle s p in d le  out of 
focus, concomitant in tra fu sa l con traction  was d i f f i c u l t  to  observe. 
However, i t  happened frequen tly  th a t Sfc>2 and Dbi f ib re  co n trac tio n s  
s l i g h t l y  p reced ed  e x t r a f u s a l  c o n t r a c t io n .  That d e lay  m ight be 
explained by the  sp a tia l  summation phenomenon, where s tim u la tio n  of 
some close-by  p o in ts  might bring a pyramidal t r a c t  neurone - PTN (and 
e v e n tu a lly  a lpha  motoneurone in  th e  sp in a l cord) in to  e x c i ta t io n .  
P h i l l ip s  (1956) working on PTN's claim ed th a t  even below m otor 
th re sh o ld , PTN's contained w ith in  a c i r c le  of rad ius 4 mm were f i r in g  
a b u r s t  of im pulses. With a p p lic a tio n  of c u r re n ts  of s tim u lu s  
s t r e n g th  ju s t  below a lp h a  m otoneurones* th r e s h o ld ,  in  o rd e r  to  
r e c r u i t  only  gamma axons, i t  i s  no t im possib le  a t  a l l  to  r e c r u i t  
alpha motoneurones i f  s p a tia l  summation happened.
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On th e  o ther hand, beta  axons are  another p o s s ib i l i ty  of being 
responsib le  fo r  re c ru itin g  ex trafusa l f ib re s . According to  Henneman's 
s iz e  p r in c ip le  (1965) b e ta  dynamic motoneurones would be r e c ru i te d  
b e fo re  la r g e  a lp h a-m otoneurones going e x c lu s iv e ly  to  e x tra fu s a l  
m uscle  f i b r e s .  In  f a c t  McW illiam (1975) s tu d ie d  th e  (3 axons 
in n e rv a tin g  sp in d le s  of tenu issim us m uscle and re p o rte d  a lower 
conduction  v e lo c i ty  fo r  th e  (3d axons than  a axons a lth o u g h  some 
overlap between a and (3 groups did occur. Therefore, (3d axons which 
a re  a t  th e  low end of the a range may have been re c ru ited  along w ith 
ganma axons during c o r tic a l s tim ulation . .
Another important poin t to  n o tice  from e x te r io rise d  experiments 
i s  th e  in fo rm atio n  given in  both  ta b le s  1 and 2 which show th e  
spontaneous a c t iv i ty  of in t r a f u s a l  f ib r e s  p reced ing  any c o r t ic a l  
re c ru itm e n t. As a r u le ,  on c o r t ic a l  s tim u la t io n , th e  in t r a f u s a l  
f ib re s  which were rec ru ited  were the same ones spontaneously ac tiv e  
r e g a rd le s s  of th e  type of in t r a f u s a l  f ib r e s ,  b u t th e re  were a few 
ex cep tio n s  ( to  see  th e  ex cep tio n s , r e f e r  to  ta b le  1 ) . That i s  an 
i n t e r e s t i n g  p o in t  to  pause  on. I t  m ight im ply t h a t  c o r t i c a l  
s tim u la t io n  under an a e s th e s ia  does no t rev ea l th e  f u l l  v e rs io n  of 
c o r t ic a l  control of gamma motoneurones because th e  l ig h te r  th e  c a t 
became, the  b e t te r  and more various r e s u l ts  were obtained; and a t  the  
same tim e one can never c a rry  out th e se  experim ents in  conscious 
c a ts .  Another im plication  may be the  a b i l i ty  of the  cortex  to  cause 
on ly  a g en era l f a c i l i t a t i o n  over gamma p o p u la tio n s  in  th e  sp in a l 
co rd , s in c e  th e  inc id en ce  of in h ib i t io n  was much le s s  th an  th e  
incidence of f a c i l i ta t io n .
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Effects of Cortical Stimulation on Primary Afferents
A ccording to  th e  e x te r io r is e d  m uscle experim en ts, d i f f e r e n t  
p a t te r n s  of in flu e n c e  on in t r a f u s a l  f ib r e s  could  be e l i c i t e d  on 
c o r t i c a l  s t i m u l a t i o n :  one n u c le a r  c h a in  f i b r e  c o n t r a c t i o n ,  
co n trac tio n  of more than one nuclear chain f ib re ,  s t a t i c  bag2 f ib re  
c o n tra c t io n , concom itant c o n tra c tio n  of one o r more n u c le a r  cha in  
f ib re  w ith Sh>2 f ib re ,  dynamic bagi f ib re  co n trac tio n  in  combination 
w ith  o ther s t a t i c  in tra fu sa l f ib re s . Moreover, s tim u la tio n  of the 
dynamic area might a c tiv a te  some chains (w ith or w ithout Sb2 f ib re )  
w h ile  i n h i b i t i n g  o th e r s ,  each  of w hich have d i f f e r e n t  o r  even 
opposite  e f fe c ts  on th e  a ffe ren t d ischarge. And probably th e re  a re  
many more p o s s ib i l i t ie s  fo r d isp a ra te  e f fe c ts  brought about by order 
of recruitm ent of in tra fu sa l f ib re s . Even w ith the  lim ited  number of 
p o s s ib le  rec ru itm en ts  m entioned above, th e  in te r p r e ta t io n  i s  very  
com plicated. The degree of con traction  of each in tra fu s a l f ib re  in  
each case  i s  an o th er v a r ia b le  th a t  makes in te r p r e ta t io n  even more 
d i f f i c u l t .  Another v a riab le  i s  concomitant co n trac tio n  of both poles 
of a sp in d le  or con trac tion  in  one pole and in h ib itio n  of th e  o ther. 
However, to  make d isc u ss io n  p o s s ib le ,  i t  w ill  be assumed th a t  th e  
p o s s ib le  re c ru itm e n t of i n t r a f u s a l  f i b r e s  a r e  th o s e  m ain ty p e s  
m entioned e a r l i e r  and an a ttem pt w ill  be made to  base  in t r a f u s a l  
mechanisms underlying changes in  primary a f fe re n ts  on those. I sh a ll 
a lso  t r y  to  match the  findings not only to  published find ings of Boyd
(1986) but a lso  w ith those unpublished and o th er recen t find ings by 
h is  co lleague, Dr. Gladden.
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G en era lly  our r e s u l t s  confirm  th e  e x is te n c e  of a fu n c tio n a l 
r e la t io n s h ip  between th e  sensorim otor co rtex  on th e  one hand and 
fu sim o to r neurones on th e  o th e r . The study of changes in  s t a t i c  
d isc h a rg e  and dynamic s e n s i t i v i t y  of p rim aries  and secondaries and 
th e i r  comparison w ith the  e ffe c ts  obtained by Boyd and h is  colleagues 
(Boyd, 1986) on d ire c t  stim u la tio n  of fusimotor axons allowed us to  
d efin e  th e  ac tio n  of th e  sensorim otor cortex on muscle p ropriocep to rs 
and more p a r t ic u la r ly  i t s  ro le  in  modifying the  a c t iv i ty  of d if fe re n t  
ty p es  of gamma m otoneurones, s t a t i c  and dynamic. Almost a l l  th e  
r e s u l t s  o b ta in ed  from th e  tenu issim us muscle were of an ex c ita to ry  
ty p e , e i th e r  s t a t i c  o r dynamic, except one case each in  d i f f e r e n t  
s e t s  of experim en ts: in  th e  a f f e r e n t  reco rd ing  s e r ie s  re f le c te d  in  
f ig  34 and in  d i r e c t  v is u a l iz a t io n  s e r ie s  r e f le c te d  in  f ig  61. 
M o re o v e r , th o s e  r e s u l t s  o b ta in e d  from  FDL w ere  e x c lu s iv e ly  
e x c i t a t o r y .  These r e s u l t s  a re  n o t in c o n s i s t e n t  w ith  r e s u l t s  
in troduced by Vedel and Mouillac-Baudevin (1970). They were working 
on t r u e  p h y s io l o g i c a l  a n t a g o n i s t s  and  r e p o r t e d  d i f f e r e n t  
" f a c i l i t a t o r y "  and " d e p re s s o r"  e f f e c t s  on c o r t i c a l  s t im u la t io n  
depending on th e  le v e l of a n a e s th e s ia . They claim ed th a t  under 
" l ig h t "  a n a e s th e s ia  (a  p e r s i s te n t ly  l ig h t  lev e l of EMG a c t iv i ty  in  
th e  neck and sh o u ld er m uscles) s tim u la tio n  of sen so rim o to r c o r te x  
(and pyramidal t r a c t )  s trong ly  reduced s t a t i c  d ischarge and dynamic 
s e n s i t i v i t y  of so leu s  prim ary sensory  endings. However, in  "deep" 
an aesth esia  (having s l ig h t  but permanent EMG a c t iv i ty  in  th e  neck and 
shoulder m usculature), s tim u la tio n  of sensorimotor cortex  produced a 
re in fo rc e m e n t of b o th  f a c i l i t a t o r y  e f f e c t s :  one w ith  a dynamic 
ch arac te r and the  o ther one w ith a s t a t i c  c h a rac te r .
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D iffe ren t anaesthe tic  agents, b a rb itu ra te s  or ch io ra lose  in  our 
c a s e ,  a n d  h a l o t h a n e  i n  t h e i r  e x p e r i m e n t s  (V e d e l  a n d  
M ouillac-Baudevin, 1970), m ight account fo r  th e  g re a t  v a r ia t io n  of 
r e s u l ts .  I f  one considers halothane to  be one of those agents whose 
e f f e c t s  ra p id ly  d is a p p e a r ,  a llo w in g  th e  anim al to  become l i g h t  
q u ic k ly ,  th e n  i t  may be r i g h t l y  a rg u ed  th a t  in  t h e i r  " l i g h t "  
an aes th e tic  conditions, the cortex  was a c tu a lly  not in  a depressed 
cond ition , but ra th e r  in  a excited  one. Therefore, s tim u la tio n  of the  
already  excited  cortex  might be expected to  have an opposite e f fe c t  
on v o l le y s  go ing  c o r t ic o f u g a l ly  down to  th e  gamma m otoneurone 
population  in  sp inal cord. I t  i s  worth po in ting  out th a t  we never had 
our c a ts  in  a " l ig h t"  a n a e s th e s ia  as Vedel and M ouillac-B audevin 
(1970) reported ; and I th ink  th e i r  "deep" anaesthesia  was our l ig h t 
a n a e s t h e t i c  s t a t e .  T h a t m ig h t e x p la in  why th e y  o b ta in e d  a 
r e p ro d u c ib le  d e p re s s a n t  e f f e c t  on c o r t i c a l  s t im u la t io n .  They 
discussed  po ssib le  mechanisms responsib le  fo r the  reduced fusim otor 
a c t iv i ty  of th e  soleus muscle on c o r tic a l s tim u la tio n  a t  two cen tra l 
and p e r ip h e ra l le v e ls .  At th e  c e n tra l  le v e l one can argue th a t  
s tim u la t in g  th e  pyram idal system  b locks su p ra sp in a l in p u t which 
e n tra in s  the  a c t iv i ty  of fusim otor neurones, thus ensuring a c e r ta in  
degree of s e n s i t iv i ty  of the sensory term inals to  s tre tc h in g . At the  
perip h era l le v e l, although the resp ectiv e  ro le s  of the  two types of 
ganma m otoneurones, under a n a e s th e t ic  c o n d itio n s , i s  d i f f i c u l t  to  
d e f in e ,  however, assuming th e  p resence of spontaneous a c t i v i t y  in  
both  types of ganma motoneurones, the  depressant e f fe c t  on prim aries 
o f th e  so le u s  m uscle a re  evidence of a d ep ress io n  in  s t a t i c  ganma 
a c t iv i ty .  One po ssib le  mechanism a t  the  cen tra l level might be due to  
a c tiv a tio n  of a c o r tic a l in h ib ito ry  mechanism, which i t s e l f  i s  one of
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th e  components of th e  c o r te x . I f  one assumes th a t  an e x c i ta to ry  
c o r t i c a l  c o n d i t io n  m ight be a ch iev ed  in  v e ry  l i g h t  h a lo th a n e  
an aesth esia  (stag e  I of Guedel) , a l l  components, both ex c ita to ry  and 
in h ib i to r y ,  m ight e i th e r  in c re a se  t h e i r  a c t i v i t y  or a t  l e a s t  be 
b rought to  a su b th re sh o ld  le v e l .  In  th a t  c o n d itio n , th e  c o r t ic a l  
in h ib ito ry  mechanisms a re  no exceptions. U nfortunately, th is  theory 
can n o t be proven by our r e s u l t s  and rem ains to  be te s te d .  I t  i s  
w orth n o tin g  th a t  th e  evidence which i l l u s t r a t e s  th a t  i t  does n o t 
take  much time fo r  the  ca t under halothane an aes th e tic  to  lose  the  
d e s i r e d  and n e c e s s a ry  s u r g ic a l  a n a e s th e t ic  s t a t e  ( s ta g e  I I I  of 
Guedel) i s  given by W inters e t  a l . ,  1972. Halothane, according to  
them, i s  believed  to  be one of those an aesth e tic  agents th a t  induces 
s tag e  I I I  of anaesthesia  d ire c t ly  from stage  I (E xcita tion ) w ithout 
going to  s tag e  I I  (D elirium ). The stages of anaesthesia  were f i r s t  
in troduced by Guedel (1937).
FDL in  our c a se , being  fu n c tio n a lly  c lo s e r  to  a p h y s io lo g ic  
ex tensor as th e  so leus i s ,  d id  not show any very obvious in h ib ito ry  
e f fe c ts .  However, in  th e  case of f ig  35,B something d e f in ite ly  was 
i n h i b i t e d  (p ro b a b ly  a n u c le a r  c h a in ) ,  a s  th e  s c a t t e r y  rebound  
a c t iv i ty  i s  obvious immediately a t  th e  "o ff"  of th e  stim ulus. This 
response, of course, i s  not comparable to  those reported  by Vedel and 
M ouillac-B audevin  (1970) where th e  s t a t i c  f i r i n g  and th e  maximum 
response  ( to  th e  ramp) d im in ish es . On s tim u la tio n  of th e  dynamic 
a r e a  in  th e  p r e s e n t  s tu d y  b o th  s t a t i c  and dynam ic e x c i t a to r y  
fusim otor e f fe c ts  were obtained. However, when the  animals became 
l i g h t e r ,  th e  chances were g r e a te r  of producing a response w ith  a 
dynamic ch a rac te r .
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In the  case of fig u res  34 and 61 where some in tra fu sa l f ib re s  
were in h ib i te d ,  th e  dynamic a rea  was th e  ta r g e t  of s tim u la tio n . 
However, th a t  does not mean the  ca ts  were too l ig h t a t  the  tim e. In 
f a c t ,  in  both cases, c a ts  were not l ig h t  enough to  expect Dbi f ib re  
recruitm ent! On the  o ther hand, by re fe rr in g  to  the  c r i t e r i a  given, 
i t  seems more l i k e l y  t h a t  Vedel and M o u illac -B au d ev in * s  deep 
a n a e s th e s ia  were comparable to  our l ig h t  an aes th esia  and th e re fo re  
th e re  i s  a strong  p o s s ib i l i ty  th a t we did  not achieve th e i r  condition  
of " l i g h t  a n a e s th e s ia ” e v e r . Hence, t h a t  m ight e x p la in  why a 
c le a r - c u t  in h ib i to ry  response which was r e p e t i t iv e ly  o b ta in ed  in  
th e i r  experiments was absent in  the  p resen t study. At the  end what 
i s  im portant to  note i s  the  a b i l i ty  of sensorim otor cortex  to  in h ib i t  
a s  e a s i ly  as to  e x c i te  p ro v id in g  th a t  th e  c o rte x  i s  in  th e  p roper 
s ta te  of e x c ita tio n ; th i s  concept i s  confirmed both by th e ir s  and our 
r e s u l t s ,  a s  w e ll a s  o th e r s  (Vedel and M ouillac-B audev in , 1970; 
Gladden and MdWi11iam, 1977a,b; Gladden, 1981).
R ather th an  g e n e ra liz e , co n s id e rin g  th a t  th e re  a re  only  two 
in h ib ito ry  examples, one can assume th a t  th e  "dynamic area" i s  not 
exc lusive ly  an ex c ita to ry  a rea , and in  more physiologic cond itions, 
i t  might be ab le  to  e x c ite  one s e t  of s t a t i c  gamma axons and in h ib i t  
o th e rs .
Looking a t  f ig  1 of Vedel and M ouillac-B audevin (1970), th e  
p o in t where they  e l i c i t e d  a d ep resso r e f f e c t  of a so leu s  prim ary 
a f f e r e n t  corresponds to  our p o in t 7, and does n o t f a l l  in to  th e  
"dynamic area" . Our in h ib ito ry  re su lts  were obtained frequen tly  from 
stim u la tio n  w ith in  "dynamic area". Therefore, th is  may be fu rth e r  
evidence th a t  the  s ta te  of anaesthesia  accounts fo r the b ig  v a r ia tio n  
in  th e  r e s u l ts .  Paying a tte n tio n  to  the  in tra fu s a l  movements in  the
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case of f ig  61 where the  two chains were in h ib ite d , and a t  th e  same 
tim e th e  rebound a c t iv i ty  in  the primary a f fe re n ts  a f te r  stoppage of 
stim ulus in  many fig u res  such as 30 and 35 one can a t t r ib u te  th e  two 
to g e th e r  w ithou t much d isp u te . In f a c t ,  what I am su g g es tin g , i s  
th a t  i f  th e  corresponding  changes in  th e  prim ary a f f e r e n t  of th e  
s p in d le  shown in  f ig  61 had been reco rded , th e  r e s u l t s  m ight have 
been very s im ila r  to  th a t  shown in  f ig  30,B and C. For the  case of 
f ig  34 where the  dynamic garrma axon was apparently  in h ib ite d  (w ith or 
w ithout chain f ib re s ) ,  th e re  was no analog in  the  d ire c t  v isu a liz in g  
experim ents.
This, i t s e l f  i s  s tro n g e r  evidence fo r  independent co n tro l of 
s t a t i c  gamma motoneurones compared w ith  th a t  g iven  by Gladden and 
McWilliam (1 9 7 7 a ,b ), where Sb2 f ib r e  could  be r e c ru i te d  w ithou t 
n u clear chain f ib re s . Recently Wand and Schwarz (1985) worked on the 
in flu en ce  of th e  r e t ic u la r  p a r t  of su b stan tia  n ig ra  on th e  primary 
a n d  s e c o n d a r y  a f f e r e n t  d i s c h a r g e s  o f  t h e  s o l e u s  i n  
b a rb i tu r a te - a n a e s th e t iz e d  c a ts  by in je c t io n  of p ic ro to x in  (a  GABA 
a n ta g o n is t ) .  They claim ed th a t  s t a t i c  fusim oto r in p u t to  f le x o r  
m uscle s p in d le  prim ary and secondary endings i s  n o t n e c e s s a r i ly  
a c tiv a te d  in  p a ra lle l  by the cen tra l nervous system. The underlying 
mechanism i s  believed to  be th a t  functional a c tiv a tio n , by blocking 
th e  x -a m in o b u ty r ic  a c id  (GABA)-mediated i n h i b i t i o n ,  o f o u tp u t 
neurones of th e  r e t ic u la r  p a r t of the ca t su b s tan tia  n ig ra , can ga te  
s t a t i c  fu s im o to r  a c t io n  on f le x o r  m uscle  s p in d le  p rim a ry  and 
secondary endings. Their conclusion i s  co n s is ten t w ith the  idea  th a t  
th e  c e n tra l nervous system can control the  a c t iv i ty  of s t a t i c  gamma 
m otoneurones in n e rv a t in g  Sb2 f i b r e s  (whose c o n t r a c t io n  e x c i t e s  
p rim ary  en d in g s, w ith  l i t t l e  o r no e f f e c t  on secondary  endings)
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in d ep en d en tly  of th o se  in n e r v a t in g  n u c le a r  c h a in  f i b r e s  (whose 
c o n tra c t io n  e x c i te s  bo th  prim ary and secondary en d in g s). A lthough 
th e s e  f in d in g s  add new w eigh t to  th e  l i k e l y  h y p o th e s is  o f th e  
ex is ten ce  of two types of s t a t i c  fusim otor neurones (Boyd, Gladden 
and Ward, 1983) th e re  i s  a need fo r  fu rth e r  in v es tig a tio n , probably 
using a d if f e re n t  approach, to  confirm the ex istence of independent 
con tro l of d if fe re n t  s t a t i c  gamma population* "
Linked to  th e  c o n s id e ra t io n  o f i n h i b i t o r y  r e s p o n s e s ,  th e  
phenomenon of rebound a c t iv i ty  should be d iscussed . This phenomenon 
i s  e v id e n t in  some of th e  f ig u re s  o ccu rrin g  on th e  " o ff"  of th e  
s tim u lu s  ( e .g .  f ig u re s  30; 2 3 ,B and 3 5 ,B). I t  c e r ta in ly  s ig n i f i e s  
in h ib it io n  of some in tra fu sa l f ib re s  w ithin  the corresponding muscle 
s p in d le ;  however, t h i s  in h ib i t io n  i s  e i th e r  no t s tro n g  enough to  
red u c e  th e  a f f e r e n t  d is c h a rg e  d r a s t i c a l l y  d u r in g  th e  c o r t i c a l  
s tim u la tio n , o r i s  masked by powerful recruitm ent of o ther in tra fu s a l  
f ib r e s  ( e .g .  Sb2 f ib r e ) .  I t  could  even be caused by c o r t ic a l  
in h ib i t io n  of an a c t iv e  gamma axon in n e rv a tin g  one p o le  of th e  
sp in d le  in  which another ganma axon(s) innervating  the  opposite  pole 
has been e x c ite d . U n fo rtu n a te ly , by r e f e r r in g  to  r e s u l t s  from 
uncovered sp in d le s , where th e re  was only one example of in h ib it io n , 
n e ith e r  of th e  above p o s s ib i l i t ie s  could be favoured. However, i t  i s  
though t th a t  s l i g h t  in h ib i t io n  of a s t a t i c  gamma axon supp ly ing  
nuclear chain f ib re s  may account fo r  th is  type of change because the  
rebound a c t i v i t y  r e s u l t s  in  a very  e r r a t i c  d isc h a rg e  such as  one 
might expect i f  chain f ib re s  were co n trac tin g .
Could primary a ffe re n t recordings reveal recruitm ent of the  Dbi 
f ib r e  a lo n e , w ithou t rec ru itm en t of s t a t i c  in t r a f u s a l  f ib r e s ?  The 
evidence shows no p o s itiv e  answer to  the  question . Although some of
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th e  a f fe re n ts  d id  no t f i r e  during the  ramp re lease  during th e  course 
course of s tim u la tio n  (e .g . fig u res  16, 17, 18, 21), i t  does not mean 
n e c e s s a r i l y  t h a t  s t a t i c  i n t r a f u s a l  f i b r e s  were n o t r e c r u i t e d .  
Emonet-Denand e t  a l . (1977) w orking on p eroneus b r e v is  m uscle  
a f fe re n ts  dem onstrated th a t  on combined s tim u la tio n  of dynamic and 
s t a t i c  gamma ax o n s , th e  p rim ary  d is c h a rg e  goes s i l e n t  on ramp 
re le a se . Even on s tim u la tio n  of a s ta t i c  ganma axon th e  primary can 
f a l l  s i l e n t  d u r in g  th e  r e l e a s e  (Emonet-Denand e t  a l . 1 9 77).
Therefore re fe r r in g  to  those r e s u lts  obtained from d ire c t  observation 
of in tra fu s a l  f ib re s  where the  Dbi was never in d iv id u a lly  re c ru ite d  
on c o r t ic a l  s tim u la tio n , one can conclude almost w ith c e r ta in ty  th a t  
i f  th e  an aes th e tic  condition  of th e  ca t i s  l ig h t  enough fo r  dynamic 
gamma m otoneurones to  be r e c ru i te d ,  then  th e  e x c i t a b i l i t y  of th e  
co rtex  i s  d e f in ite ly  good enough fo r s ta t i c  ganma axons (of any type) 
to  be jo in t ly  re c ru ite d  as w ell.
S ta t ic  In tra fu sa l F ib re  Recruitment
F ig u res  26, 27, 29 and 30 dem onstrate  changes of a f f e r e n t  
responses th a t  a re  most probably a consequence of a t  le a s t  one type 
of s t a t i c  in t r a f u s a l  f ib r e ,  e i th e r  s t a t i c  bag2 o r n u c le a r  cha in  
f ib r e s .  According to  Boyd (1986) i f  th e  a f f e r e n t  f i r i n g  goes very  
rrregti(&tf, as  in  f ig  27, n u c le a r  chains must be m ainly re sp o n s ib le  
w ith o r w ithout concomitant co n trac tio n  of Sb2 f ib re . In most cases 
recru itm ent was not very strong  and i t  was mostly nuclear chain and 
weak s t a t i c  bag2 f ib re  co n trac tio n . As a r e s u l t  of th e  i r r e g u la r i ty  
of th e  a f fe re n t f i r in g  due to  s t a t i c  in t r a f u s a l  f ib r e  c o n tra c t io n , 
the ramp response i s  abolished  too!
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Sometimes when th e  in t r a f u s a l  f ib r e s  were observed d ire c t ly /  
Dbi co n trac tio n  was seen accompanying th a t  of Sb2 and n uclear chain 
f ib r e s ,  and one might expect to  see both an in crease  in  th e  dynamic 
response and s c a tte ry  s t a t i c  f i r in g  on ramp hold (as in  f ig u re  20). 
But b e c a u s e , e x c e p t in  one c a s e ,  n u c le a r  bag f i b r e s  w ere n o t 
co n trac tin g  on th e i r  own in  the  d ire c t  observation experim ents, i t  
seems reasonable not to  r e s t r i c t  the  in te rp re ta tio n  of th ese  a f fe re n t 
responses to  Sfcs and Dbi f ib re s  and leave i t  to  be more open. I t  i s  
in te re s t in g  to  know th a t  10% of dynamic gamma axons a lso  co -innervate  
a  s in g le  chain f ib re .  Therefore, i f  a dynamic ganma axon innervating  
both Dbi and a  s in g le  nuclear chain f ib re  i s  re c ru ite d  along w ith  a 
s t a t i c  gamma axon on c o r t ic a l  s tim u la t io n , th en  one m ight have 
expected to  see a s im ila r  p a tte rn  of response.
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I t  i s  a lso  b e liev ed  th a t  c o r t ic a l  s tim u la tio n  imposes some 
changes on th e  sarcom ere len g th  of in t r a f u s a l  f ib r e s  d u rin g  th e  
course of s tim u la tio n  which i s  sustained  even a f te r  the stim ulus i s  
o ff  (Bnonet-Denand, Hunt and Laporte, 1985; Proske and Morgan, 1985). 
In  in te rp re tin g  the  re su lts  one should be aware th a t  th e  a f te r - e f f e c t  
phenomenon e x i s t s .  I t  c e r ta in ly  i s  som ething th a t  happens d u rin g  
movement in  conscious man and i s  no t an a r t i f a c t  th a t  i s  being  
produced during laboratory  experiments (Gregory, Morgan and Proske, 
1987). G regory, Morgan and Proske re c e n tly  in  a com parative study  
a t t r i b u t e d  th e  changes in  th e  s i z e  o f th e  s t r e t c h  r e f l e x  in  a 
co n d itio n ed  m uscle of th e  c a t  and man to  th e  fo rm ation  of s ta b le  
cross-b ridges between a c tin  and myosin filam ents when the  muscle was 
sh o rten ed  se v e ra l seconds a f t e r  a c o n tra c tio n  a t  a long le n g th
(1987). Figures 30,A; 29,B and 35,A show examples of a f te r - e f f e c ts  
during our experim ents. I t  seems th a t  once the  in tra fu s a l f ib re ( s )  i s  
co n tracted  and sh o rten s du rin g  th e  course of c o r t ic a l  s tim u la t io n , 
the  myosin heads have a chance to  form cross bridges and th e  f ib re  
rem ains sh o rten ed  a f t e r  th e  s tim u la tio n  c e a se s . The c ro ss  b rid g e s  
would n o t b reak  r ig h t  away and as a r e s u l t  of t h e i r  s t i f f n e s s  th e  
prim ary a f f e r e n t  may have a h ig h e r s t a t i c  f i r i n g  than  p re v io u s ly  
recorded. On the  next ramp s tr e tc h  where th e  cross bridges a re  broken 
a p a r t, they w ill be formed again a t  the re le a se  of th e  s t r e tc h  but 
only a t  the  usual length . As long as those changes u su a lly  d isappear 
a t  th e  subsequent ramp s t r e t c h ,  i t  does no t imply on s u s ta in e d  
a l te ra t io n s  of ganma axon d ischarge continuing a f te r  the  cessa tio n  of 
c o r t ic a l  s tim u la tio n  (fig u res  30,A, 29,B and 35,A). Such a susta ined  
ganma motoneurone ex c ita tio n  must have followed c o r tic a l s tim u la tio n  
in  f ig  36 because th e  ra ised  d ischarge a t  i n i t i a l  leng th  p e rs is te d
123
th rough  many s t r e tc h e s ,  and th e  response to  a l l  th e  subsequent 
s t r e t c h e s  were a l s o  a l t e r e d ;  th e  i n i t i a l  b u r s t s  a re  n o tic e a b ly  
changed.
Alpha-Motoneurone Recruitment on C ortica l S tim ulation
I f  the  stim ulus s tren g th  i s  high enough (depending of course on 
th e  an aes th e tic  level of the  ca t)  to  re c ru i t  slow and/or f a s t  alpha 
motoneurones, then i t  i s  almost d e f in ite ly  strong  enough to  r e c ru i t  
a lm ost a l l  gamma axons supp ly ing  d i f f e r e n t  in t r a f u s a l  f ib r e s  in  a 
sp in d le  (exceptions a re  those gamma motoneurones which we could not 
r e c ru i t  on c o r tic a l s tim u la tio n ). In fig u res  31, 32 and 33 where EMG 
a c t iv i ty  s ignaled  ex tra fu sa l con trac tions as well as in tra fu s a l ones, 
then th e  a ffe re n t f i r in g  i s  increased  dram atically  to  a level where 
i t  could be claimed th a t  both s t a t i c  gamma axons innervating  nuclear 
c h a in  and  s t a t i c  b ag 2 f i b r e  w ere  r e c r u i t e d .  Dynamic gamma 
motoneurones could  have been r e c ru i te d  as  w e ll , s in c e  they  were 
f r e q u e n t ly  e x c i te d  when a lp h a  m otoneurones became a c t iv e  ( in  
lig h ten in g  the  an aes th esia ). The high frequency, between 150-200 Hz, 
s ig n i f i e s  such s tro n g  engagement of Sb2 and n u c le a r  ch a in  (and 
p o s s ib ly  Dbi) f ib r e s  th a t  i t  can even mask th e  un loading  of th e  
m u sc le  s p in d l e  due t o  c o n c o m ita n t  e x t r a f u s a l  m u sc le  f i b r e  
co n trac tio n . In the  d ire c t  observation  experim ents, i t  happened many 
tim es th a t  ex tra fu sa l f ib re s  were re c ru ite d  on c o r tic a l  s tim u la tio n  
a f te r  th e  in tra fu sa l f ib re s ,  but only w ith a sh o rt delay. Therefore, 
i f  in tra fu s a l  f ib r e s ' con trac tion  precedes th a t  of e x tra fu s a l ' s , one 
may no t see any drop in  a ffe re n t f i r in g  when th e  muscle sp ind le  ge ts  
u n lo ad ed  ( i f  th e  i n t r a f u s a l  c o n t r a c t io n  i s  such  t h a t  le n g th  
dependence i s  s u p p re s s e d ) .  Those f ig u r e s  a l s o  d i s c lo s e  a n o th e r
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p o s s ib i l i ty  and th a t  i s  s a tu ra tio n  of the  a c t iv i ty  of th e  fusim otor 
system . As soon as  th e  a f f e r e n t  f i r i n g  reached a h igh  le v e l of 
frequency, i t  dropped down toward a basal level regard less  of the  
ex is ten ce  of th e  stim ulus. That "hab ituation" might happen a t  a l l  
l e v e l s ,  c o r t ic a l  neu rones, sp in a l gamma m otoneurones, in t r a f u s a l  
f ib r e s  o r even a t  th e  le v e l of th e  sensory  ending. I t  m ight have 
happened a t  more th an  one le v e l to o . There i s  no ev idence in  our 
r e s u l ts  to  spec ify  the  exact lo ca tio n  of th a t  h ab itu a tio n .
E ffec t of C o rtica l S tim ulation on Tenuissimus Secondary A fferent 
Discharge
In c o n tra s t to  primary a f fe re n ts , secondary a f fe re n t recordings 
d id  n o t d is c lo s e  much in fo rm atio n  about in t r a f u s a l  c o n tra c t io n s .  
Having s a id  th a t ,  one should app rec ia te  the  fa c t th a t  they of course 
can only be influenced  by s t a t i c  gamma and be ta  axons. Their number 
was a lso  considerably le s s  in  our experiments compared to  those of 
p rim aries (almost a 1 to  5 r a t i o ) .
The b ia s s in g  e f f e c t  of th e  s t r e t c h  on secondary d isc h a rg e  
tended  to  be s h o r t - l iv e d  as in d ic a te d  by f ig  38 and 39. S ince Sb2 
f ib r e  c o n tra c t io n  has l i t t l e  o r  no e f f e c t  on th e  secondary f i r i n g  
frequency, the  s h o rt- liv e d  b iass in g  e f fe c t  can be in te rp re te d  in  two 
ways: e i th e r  th e  frequency of r e c ru i te d  descending neurones were 
decreasing , h ab itu a tio n , o r th e  con trac tion  of th e  chain f ib re s  was 
f a i l i n g  due to  f a t ig u e ,  th u s  reducing  th e  ex ten s io n  th e  sen so ry  
endings. Fig 42 in d ic a te s  th a t  some s o r t  of "hab itua tion" might have 
happened somewhere along th e  fusim otor path , fo r  the  secondary ending 
only responded to  th e  f i r s t  second or so of s tim u la tio n  and no more. 
That b r ie f  response seems to  be of a type involving both Sk>2 f ib re s
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and n uclear chain f ib re s  (Boyd, 1986). A s im ila r  s i tu a t io n , where 
Sh>2 and n uclear chain f ib re s  contracted  b r ie f ly  and then f a i le d  to  
respond d u rin g  th e  r e s t  of th e  s tim u la tio n , was seen  f re q u e n tly  
during d ire c t  v isua l observation.
In  f ig u r e s  3 8 ,B and 3 9 ,B th e  le n g th  s e n s i t i v i t y  o f th e  
secondary  a f f e r e n t  to  ramp s t r e t c h  i s  in c rea sed  du rin g  c o r t ic a l  
s tim u la tio n . C ontraction of chain f ib re s  seem to  be the  cause fo r  the  
in c r e a s e  in  th e  le n g th  s e n s i t i v i t y  o f th e  seco n d a ry  a f f e r e n t ,  
however, one should  remember th a t  n o t a l l  cha in  f ib r e  c o n tra c t io n  
in creases  length  s e n s i t iv i ty  of the  secondary ending (Jami and P e t i t ,  
1978). In  f a c t ,  Jami and P e t i t  rep o rte d  th a t  of th e  th re e  to  s ix  
gamma axons ac tin g  on a secondary ending only cne or two e l ic i t e d  a 
s i g n i f i c a n t  in c r e a s e  in  d is c h a rg e  freq u en cy  p roduced  by 1 mm 
lengthening of the  peroneus te r t iu s  muscle of th e  c a t .
Chain f ib r e  c o n tra c tio n  can e i th e r  a b o lish  o r d ec rease  th e  
length  s e n s i t iv i ty  of the  secondary to  s tre tc h in g , as in  f ig  40. Even 
in  th e  absence of the  c o r tic a l stim u la tio n  on the  fo u rth  ramp s tr e tc h  
in  f ig  4 0 ,B, th e  response  i s  n o t as i t  was p r io r  to
c o r t i c a l  s t im u la t io n .  E x c i ta t io n  of c h a in  f i b r e s  on c o r t i c a l  
s t im u la t io n  can o u t la s t  th e  s tim u la tio n  and th e re fo re  can decrease 
th e  leng th  s e n s i t iv i ty  of the  secondary a ffe re n t to  s tre tc h in g .
Im p o rta n t p o in ts  to  n o t ic e  in  f ig u r e s  38-41 (c o n c e rn in g  
secondary a f fe re n ts )  a re  the  absence of a decrease in  th e  secondary 
s t a t i c  d is c h a rg e  o r  u n lo a d in g  o f n u c le a r  c h a in  f i b r e s  by bag 
co n trac tio n  on c o r tic a l stim u la tio n . Although the  l a t t e r  event does 
tak e  p la c e  in  s p in d le s ,  however, no t only i t  was ab sen t in  th o se  
se co n d a ry  r e c o rd s ,  i t  was n o t o b serv ed  in  d i r e c t  v i s u a l i z i n g  
experiments e i th e r .
I k  ^  / fs 
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AArrow in d ic a t in g  th e  a rea  where th e  unusual 
b u rsting  spontaneous a c t iv i ty  was seen (see te x t 
page 87).
B
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Arrow in d ica tin g  a kinked nuclear bag f ib re  (see 
te x t page 91).

AMASSIAN, V.E. & BERLIN, L. (1958a). Early p ro jec tio n  of la rge  muscle 
a f fe re n ts  from forelirrb  of ca t to  somatosensory co rtex . Fed. Proc. 
17, 3.
AMASSIAN, V.E. & BERLIN, L. (1958b). E arly  c o r t ic a l  p ro je c t io n  of 
group I a f f e r e n ts  in  th e  fo re lim b  m uscle nerves of th e  c a t .  J .  
Physio l. 143, 61P.
ANDERSSON, S .A ., LANDGREN, S. & WOLKS, D. (1966). The thalam ic re lay  
and c o r tic a l  p ro jec tio n  of group I muscle a ffe re n ts  from the  forelim b 
of th e  c a t .  J . Physiol. 183, 576-591.
APPLEBERG, B. (1962). The e f fe c t  of e le c tr ic a l  s tim u la tio n  of nucleus 
ruber an th e  ganma motor system. Acta physio l, scand. 55, 150-159.
APPELBERG, B. & EMONET-DfiNAND, F. (1965). Central con tro l of s t a t i c  
and dynamic s e n s i t i v i t i e s  of m uscle sp in d le  prim ary end ings. A cta 
ph y sio l, scand. 63, 487-494.
APPELBERG, B ., HULLIGER, M., JOHANSSON, H. & SOJKA, P. (1982). An 
in t r a c e l lu la r  study of rubrospinal and rubro-bulbospinal contro l of 
lumbar gamma motoneurones. Acta physio l, scand. 116, 377-386.
APPELBERG, B. & JENESKOG, T. (1969). A d o rso - la te ra l sp inal pathway 
m ed ia ting  in fo rm atio n  from th e  m esencephalon to  dynamic fusim o to r 
neurones. Acta p h y s io l. scand. 77, 159-171.
130
APPELBERG, B ., JENESKOG, T. & JOHANSSON, H. (1975). R ubrospinal 
c o n tro l of s t a t i c  and dynamic fusim oto r neurones. Acta p h y s io l, 
scand. 95, 431-440.
APPELBERG, B. & MOLANDER, C. (1967). A ru b ro -o liv a ry  pathway. I .  
I d e n t i f i c a t i o n  o f a d e scen d in g  system  f o r  c o n tro l  o f dynamic 
s e n s i t iv i ty  of muscle sp in d les . Exp. Brain Res. 3, 372-381.
APPELBERG, B. (1981). S e le c tiv e  c e n tra l  c o n tro l of dynamic gamma 
motoneurones u t i l i s e d  fo r  the  function  c la s s i f ic a t io n  of gamma c e l l s .  
In  Muscle recep to rs and movement, eds. TAYLOR, A. & PROCHAZKA, A., 
pp. 97-107. London: MacMillan.
APPELBERG, B ., HULLIGER, M., JOHANSSON, H. & SOJKA, P. (1981). Reflex 
a c t iv a t io n  of dynamic fusim otor neurones by n a tu ra l s tim u la tio n  of 
m uscle and jo in t  re c e p to r  a f f e r e n t  u n i t s .  In  Muscle re c e p to rs  and 
movement, eds. TAYLOR, A. & PROCHAZKA, A ., pp. 149-161. London: 
MacMillan.
APPENTENG, K ., MORIMOTO, T. & TAYLOR, A. (1980). Fusimotor a c t iv i ty  
in  m asseter nerve of th e  ca t during re f le x  jaw movement. J .  Physio l. 
305, 415-431.
ARBUTHNOTT, E .R . , BALLARD, K . J . ,  BOYD, I .A . ,  GLADDEN, M.H. & 
SUTHERLAND, F. (1982). The u l t r a s t r u c tu r e  of th e  c a t  fu sim o to r 
endings and th e i r  r e la t io n s h ip  to  fo c i  of sarcom ere convergence in  
in tra fu s a l  f ib re s . J . Physiol. 331, 285-309.
131
ARBUTHNOTT, E .R ., GLADDEN, M.H. & SUTHERLAND, F . I .  (1989). The 
s e le c t iv i ty  of fusim otor in n e rv a tio n  in  m uscle s p in d le s  of th e  r a t  
s tu d ied  by l ig h t  microscopy. J . Anat. 163, 183-190.
BARKER, D ., EMONET-DfiNAND, F . , LAPORTE, Y ., PROSKE, U. & STACEY, M.J. 
(1973). Morphological id e n tif ic a t io n  and in t r a f u s a l  d i s t r ib u t io n  of 
th e  endings of s t a t i c  fusim otor axons in  th e  c a t .  J . Physiol. 230, 
405-427.
BARKER, D ., BANKS, R.W., HARKER, D.W., MILLBUKN, A. & STACEY, M.J. 
(1976a). S tudies of h istochem istry  u l tra s tru c tu re ,  motor innervation  
and regenera tion  of mammalian in tra fu sa l f ib re s .  Prog. Brain Res. 44, 
67-88.
BARKER, D., EMONET-DfiNAND, F . , HARKER, D, W., JAMI, L. & LAPORTE, Y. 
(1976b). D is tr ib u tio n  of fusim otor axon to  in tra fu s a l  muscle f ib re s  
in  c a t  ten u iss im u s s p in d le  as determ ined by th e  glycogen-depletion 
method. J . Physiol. 261, 49-69.
BAUMANN, T .K ., EMONET-DfiNAND, F. & HULLIGER, M. (1982). A fte r-e f fe c ts  
of fusim otor s tim u la tio n  on sp ind le  la  a f fe re n ts ' dynamic s e n s i t iv i ty  
revealed  during slow movements. Brain Research 232, 460-465.
BERGMANS, J .  & GRILLNER, S. (1 9 6 8 ). M onosynaptic c o n tro l  of 
gam m a-motoneurones from  th e  low er b r a in  s tem . E x p e r ie n t ia  24, 
146-147.
132
BESSOU, P .,  EMONET-DfiNAND, F. & LAPORTE, Y. (1963). Occurence of 
in tra fu s a l  mucle f ib re  innervation  by branches of slow a-motor f ib re s  
in  th e  c a t. Nature 198, 594-595.
BESSOU, P . ,  EMONET-DfiNAND, F. & LAPORTE, Y. (1965). Motor f ib r e s  
innervating  ex tra fu sa l and in tra fu s a l  muscle f ib re s  in  the  c a t. J . 
P hysio l. 180, 649-672.
BESSOU, P. & PAGES, B. (1 9 7 5 ). C in em ato g rap h ic  a n a ly s is  of 
c o n t r a c t i l e  e v e n ts  p ro d u c e d  in  i n t r a f u s a l  m u sc le  f i b r e s  by 
s tim u la tio n  of s t a t i c  and dynamic fusim otor axons. J . Physiol. 252, 
397-427.
BETZ, E. & HEUSER, D. (1967). C erebral c o r t ic a l  b lood flow d u rin g  
changes of acid-base equilibrium  of the  b ra in . J .  Appl. Physio l. 23, 
726-733.
B E T Z ,  E.  & KOZAK,  R.  ( 1 9 6 7 ) .  D e r  E i n f l u s s  d e r  
W asserstoffionenkonzentration der G ehim rinde auf d ie  Regulation der 
c o r tic a le n  Durchblutung. P fluegers Arch 293, 56-67.
BOYD, I . ,  GLADDEN, M.H. & WARD, J .  (1977). The c o n tr ib u tio n  of 
i n t r a f u s a l  c re e p  to  th e  dynam ic component o f th e  l a  a f f e r e n t  
d ischarge of iso la te d  muscle sp in d les . J .  Physio l. 273, 27-28P.
BOYD, I.A . (1962). The s tru c tu re  and innervation  of the  n uclear bag 
muscle f ib re  system and the nuclear chain f ib re  system in  marrmalian 
muscle sp in d les . P h il. Trans. R. Soc. Lend. B245, 81-136.
133
BOYD, I.A . (1976). The response of f a s t  and slow nuclear bag f ib re s  
and nuclear chain f ib re s  in  iso la te d  ca t muscle sp ind les  to  fusim otor 
s tim u la tio n  and the  e f fe c t of in tra fu sa l co n trac tio n  on th e  sensory 
endings. Q. J . exp. Physiol. 61, 203-254.
BOYD, I.A . & DAVEY, M.R. (1959). (3 -e ffe ren t f ib r e s  in  n erves to  
mammalian sk e le ta l muscle. J . Physiol. 149, 28-29P.
BOYD, I .A .,  GLADDEN, M.H. , MCWILLIAM, P.N. & WARD, J .  (1975). 
'S t a t i c '  and 'dynam ic' n u c le a r  bag f ib r e s  in  i s o la te d  c a t  m uscle 
sp in d le s . J . Physiol. 250, IIP .
BOYD, I .A ., GLADDEN, M.H., MdWILLIAM, P.N. & WARD, J . (1977). Control 
of dynamic and s t a t i c  nuclear bag f ib re s  and nuclear chain f ib re s  by 
gamma and b e ta  axons in  i s o la te d  c a t  m uscle s p in d le s .  J .  P h y s io l. 
265, 133-162.
BOYD, I .A . ,  GLADDEN, M.H. & WARD, J .  (1983). Two ty p es  of s t a t i c  
x -a x o n s  h a v in g  a p re d o m in a n tly  s t a t i c  bag2 f i b r e  a c t i o n  o r 
predominantly chain f ib re  ac tio n  in  several ca t muscle sp in d les . J . 
Physio l. 343, 110-111P.
BOYD, I.A . (1985). In tr a fu s a l  m uscle f ib r e s  in  th e  c a t  and t h e i r  
m otor c o n t r o l . In  Feedback and motor c o n tro l in  In v e r te b ra te s  and 
V e r te b ra te s , eds. BARNES, W .J.P . & GLADDEN, M .H., pp. 123-144. : 
Kent: Croom Helm.
134
BOYD, I .A ., MURPHY, P.R. & MOSS, V.A. (1985). A nalysis of primary and 
secondary a ffe re n t responses to  s tr e tc h  during a c tiv a tio n  of dynamic 
bagl f ib re  or the  s ta t i c  bag2 f ib re  in  ca t muscle sp in d les . In The 
m uscle sp in d le , eds. BOYD, I.A . & GLADDEN, M.H., pp. 153-158. : 
Stockton Press.
BOYD, I.A . (1986). Two types of s t a t i c  gamma axons in  c a t  m uscle 
sp in d le . Q. J . Exp. Physiol. 71, 307-327.
BOYD, I.A . & SMITH, R.S. (1984). The muscle sp in d le . In Peripheral 
Neuropathy, ed. DYCK ET AL., pp. 171-202. London: Saunders Company.
BOYD, I.A . & WARD, J . (1969). The response of i s o la te d  c a t  m uscle 
sp in d les  to  passive s tre tc h . J . Physiol. 200, 104-105P.
BRINDLEY, G.S. & MERTON, P.A. (1960). The absence of th e  p o s i t io n  
sense in  the  human eye. J . Physiol. 153, 127-130.
BROWN, M.C., CROWE, A. & MATTHEWS, P.B.C. (1965). Observations on the  
fu sim o to r f ib r e s  of th e  t i b i a l i s  p o s te r io r  m uscle of th e  c a t .  J .  
P hysio l. 177, 140-159.
BROWN, M.C., GOODWIN, G.M. & MATTHEWS, P.B.C. (1969). A f te r-e f fe c ts  
o f fu sim o to r s tim u la tio n  on th e  response o f muscle sp ind le  primary 
a f fe re n t endings. J . Physiol. 205, 677-694.
135
BROWNE, K ., LEE, J .  & RING, P.A. (1954). The s e n sa tio n  of p a ss iv e  
movement a t  th e  m etatarsophalangeal jo in t  of the  g rea t toe  in  man. J . 
Physio l. 126, 448-458.
BURKE, D ., HAGBARTH, K.E. & SKUSE, N.F. (1978). Recruitment order of 
human sp ind le  endings in  isom etric  voluntary  co n trac tio n . J . Physiol. 
285, 101-112.
BURKE, D ., HAGBARTH, K.E. & SKUSE, N.F. (1979). Voluntary a c tiv a tio n  
of s p in d le  endings in  human m uscle tem p o ra rily  p a ra ly zed  by nerve 
p ressu re . J . Physiol. 287, 329-336.
BURKE, D ., McKEON, B . , SKUSE, N .F. & WESTERMAN, R.A. (1 9 8 0 ). 
A n tic ip a tio n  and fu sim oto r a c t i v i t y  in  p re p a ra tio n  fo r  a voluntary  
co n trac tio n . J . Physiol. 306, 337-348.
BURKE, D., McKEON, B. & WESTERMAN, R.A. (1980). Induced changes in  
th e  th resho ld  fo r voluntary a c tiv a tio n  of human sp ind le  ending. J . 
Physio l. 302, 171-181.
CLOUGH, J.F.M. & SHERIDAN, J.D. (1968). A f a s t  pathway fo r  c o r tic a l 
in fluence  on cerv ical motoneurones in  th e  baboon. J . Physiol. 195, 
26-27P.
CLOUGH, J .F .M ., PHILLIPS, C.G. & SHERIDAN, J.D . (1971). The s h o r t  
la te n c y  p r o je c t io n  from  th e  b a b o o n 's  m otor c o r te x  to  fu sim o to r 
neurones of th e  forearm and hand. J . Physio l. 216, 257-279.
136
COOPER, S. (1961). The response of primary and secondary endings of 
muscle sp ind le  w ith in ta c t  motor innervation  during app lied  s tr e tc h . 
Q. J . Exp. Physiol. 46, 389-398.
COOPER, S. & DANIEL, P.M. (1963). Muscle s p in d le s  in  man; t h e i r  
morphology in  th e  lumbrical muscles and the  deep muscles of th e  neck. 
B rain 86, 563-586.
CRCWE, A. & MATTHEWS, P.B.C. (1964). Further s tu d ie s  of s t a t i c  and 
dynamic fusim otor f ib re s .  J . Physiol. 174, 132-151.
DONGA, R ., GOTTLIEB, S .,  JuCH, P.J.W . & TAYLOR, A. (1986). The 
in f lu e n c e  of red  nucleus s tim u la tio n  on fu sim o to r a c t i v i t y  to  jaw 
muscles of th e  c a t .  J . Physiol. 372, 13P.
DONGA, R ., GOTTLIEB, S .,  JuCH, P.J.W . & TAYLOR, A. (1988). Use of 
m id -b ra in  s tim u la t io n  to  id e n t i f y  jaw m uscle fusim otoneurones in  
re f le x  movements in  anaesthetized  c a ts . J . Physiol. 398, 33P.
DUDLEY, R .E ., NELSON, S.R. & SAMSON, F .E . (1982). In flu en ce  of 
ch lo ra lo se  on the b ra in  regional glucose u t i l iz a t io n .  Brain Research 
233, 173-180.
ECCLES, J .C . ,  ECCLES, R .M ., IGGO, A. & LUNDBERG, A. (1 9 6 0 ). 
E le c tro p h y s io lo g ic a l s tu d ie s  on gamma m otoneurones. A cta P h y sio l. 
Scand. 50, 32-40.
137
ELDER, E . , GRANIT, R. & MERTON, P.A. (1953). Supraspinal con tro l of 
th e  muscle sp ind les and i t s  s ig n ifican ce . J . Physiol. 122, 498-523.
ELDRED, E. & HAGBARTH, K.E. (1954). F a c i l i ta t io n  and in h ib it io n  of 
gamma e f f e r e n t s  by s t i m u l a t i o n  o f c e r t a i n  s k in  a r e a s .  J .  
Neurophysiol. 17, 59-65.
ELLAWAY, P.H. & TROTT, J.R . (1978). Autogenetic re f le x  a c tio n  on to  
gamma m otoneurones by s t r e t c h  of t r ic e p s  su ra e  in  th e  d e c e re b ra te  
c a t .  J . Physiol. 276, 49-66.
EMONET-DfiNAND, F . , LAPORTE, Y ., MATTHEWS, P.B.C. & PETIT, J . (1977). 
On th e  su b d iv is io n  of s t a t i c  and dynamic fu sim o to r a c tio n s  on th e  
primary ending of the  muscle sp ind le . J . Physiol. 268, 827-861.
EMONET-DfiNAND, F . , HUNT, C.C. & LAPORTE, Y. (1985). E f fe c ts  of 
s t r e tc h  on dynamic fusim otor a f te r - e f fe c ts  in  c a t muscle sp in d les . J . 
P hysio l. 360, 201-213.
ERLANGER, J .  & GASSER, H.S. (1937). E le c t r ic a l  s ig n s  of nervous 
a c t iv i ty .  P h iladelph ia: Univ. Pensylvania P ress.
FRITSCH, G. & HITZIG, E. (1870). Uber d ie  e le k tr is c h e  E rregbarkeit 
des G rosshim s. Archs. Anat. Physiol. Wiss. Med. 37, 300-332.
FROMM, C. & NOTH, J . (1976). Reflex responses of gamma motoneurones 
to  v ib ra tio n  of the  muscle they innervate . J . Physio l. 256, 117-136.
138
FUKAMI, Y. (1986). S tu d ies  of cap su le  and c a p su la r  space of c a t  
muscle sp in d les . J . Physiol. 376, 281-297.
GARDNER, E. & HADDAD, B. (1953). Pathways to  the  cerebra l cortex  fo r
a f fe re n t f ib re s  from the hind leg of the  c a t .  Am. J . physio l. 172,
475-482.
GELFAN, S. & CARTER, S. (1967). Muscle sense in  man. Exp. Neurol. 18, 
469-473.
GLADDEN, M.H. (1976). S tru c tu ra l fea tu res  r e la t iv e  to  th e  function  of 
in tra fu s a l  muscle f ib re s  in  th e  c a t. Prog. Brain Res. 44, 51-59.
GLADDEN, M.H. & MdWILLIAM, P.N. (1977a). The a c t iv i ty  of in tra fu s a l
m uscle f ib r e s  du ring  c o r t ic a l  s tim u la tio n  in  th e  c a t .  J .  P h y s io l. 
273, 28-29P.
GLADDEN, M.H. & MdWILLIAM, P.N. (1977b). The a c t iv i ty  of in tra fu sa l
m uscle f ib r e s  in  a n e s th e t iz e d ,  d e c e r e b r a te  and s p in a l  c a t s .  J .  
P hysio l. 273, 49-50P.
GLADDEN, M.H. (1981). The a c t iv i ty  of in tra fu s a l  muscle f ib re s  during 
c e n tr a l  s tim u la tio n  in  th e  c a t .  In  Muscle re c e p to rs  and movement, 
eds. TAYLOR, A. & PROCHAZKA, A ., pp. 109-122. London: MacMillan.
139
GLADDEN, M.H. , WALLACE, W. & CRAIGE, M.L. (1 9 8 5 ). Movement 
convergence and motor end p la te  lo ca tio n  in  a human muscle sp in d le . 
In The muscle sp ind le , eds. BOYD, I.A . & GLADDEN, M.H., pp. 115-120.
: Stockton P re ss .
GLADDEN, M.H. & SUTHERLAND, F .I .  (1989). Do c a ts  have th re e  types of 
s t a t i c  gartma axons?. J . Physiol. 414, 19P.
GOODWIN, G.M ., McCLOSKEY, D .I .  & MATTHEWS, P .B .C . (1 9 7 2 ). A 
system atic  d is to r t io n  of p o s itio n  sense produced by muscle v ib ra tio n . 
J . Physio l. 221, 8-9P.
GRANIT, R ., HOLMGREN, B. & MERTON, P.A. (1955). Two ro u te s  fo r  
e x c i t a t i o n  o f m uscle  and t h e i r  s u b s e rv ie n c e  to  c e re b e llu m . J .  
Physio l. 130, 213-224.
GRANIT, R. (1970). The b a s is  fo r  motor c o n tro l .  London: Academic 
P ress .
GRANIT, R. & KAADA, B.R. (1952). Influence of s tim u la tio n  of C.N.S. 
on muscle sp ind les in  the  c a t. Acta physio l, scand. 27, 130-160.
GRANIT, R. (1955). Receptors and sensory percep tion . New Haven: Yale 
U n iv ersity  P re ss .
GRANIT, R. & VAN d e r  MEULEN, J .P .  (1 9 6 2 ). The p au se  d u r in g  
c o n tra c t io n  in  th e  d isch a rg e  of th e  sp in d le  a f fe re n ts  from primary 
end organs in  c a t extensor muscles. Acta physio l, scand. 55, 231-244.
140
GRANT, G., BOIVIE, J . & SILFVEUIUS, H. (1973). Course and term ination  
o f  f i b r e s  from  th e  n u c le u s  Z o f th e  m e d u lla  o b la n g a ta .  An 
experimental l ig h t  m icroscopical study in  the c a t. Brain Research 55, 
55-70.
GRANT, G ., LANDGREN, S. & SILFVENIUS, H. (1 9 7 5 ) .  C olum nar 
d i s t r ib u t io n  of U -fib re s  from th e  p o s tc ru c ia te  cerebra l p ro je c tio n  
area of the  c a t 's  group I muscle a f fe re n t. Exp. Brain Res. 24, 57-74.
GREER, J . J .  & STEIN, R.B. (1990). Fusimotor contro l of muscle sp in d le  
s e n s i t iv i ty  during re sp ira tio n  in  the c a t. J . Physiol. 422, 245-264.
GREGORY, J .E .,  MORGAN, D.L. & PROSKE, U. (1987). Changes in  s iz e  of 
th e  s t r e t c h  r e f le x  of c a t  and man a t t r ib u te d  to  a f t e r e f f e c t s  in  
muscle sp in d le . J . Neurophysiol. 58, 628-640.
GRIGG, P. & PRESTON, J .B . (1 9 7 1 ). Baboon f le x o r  and e x te n s o r  
fu s im o to r  n eu ro n es  and t h e i r  m o d u la tio n  by m otor c o r te x .  J .  
Neurophysiol. 34, 428-436.
GRILLNER, S ., HONGO, T. & LUND, S. (1969). Descending monosynaptic 
and re f le x  contro l of gamma motoneurones. Acta physio l, scand. 75, 
592-613.
GUEDEL, A.E. (1937). Inh ala tio n  A naesthesia: A Fundamental Guide. New 
York: MacMillan.
141
HASSLER, R. & MUHS-CLEMENT, K. (1964). A rc h ite k to n isc h e r  Aufbau 
dimensomotorischen und p a rie ta le n  Cortex der Katze. J . H im forsch . 6, 
377-420.
HENNEMAN, E . , SOMJEN, G. & CARPENTER, D.O. (1 9 6 5 ). F u n c tio n a l 
s ig n if ic a n c e  of c e l l  s iz e  in  sp in a l motoneurones. J . Neurophysiol. 
28, 560-580.
HONGO, T .,  JANKOWSKA, E. & LUNDBERG, A. (1969). The ru b ro sp in a l 
t r a c t .  I .  E ffec ts  on alpha motoneurones innervating  hind limb muscles 
of c a ts .  Exp. Brain Res. 7, 344-364.
HUNT, C.C. (1951). The r e f le x  a c t iv i t y  of mammalian sm a ll-n e rv e  
f ib r e s .  J . Physiol. 115, 456-469.
HUNT, C.C. & KUFFLER, S.W. (1 9 5 1 ). F u r th e r  s tu d y  o f e f f e r e n t  
sm a ll-n e rv e  f ib r e s  to  mammalian m uscle s p in d le s .  M u ltip le  s p in d le  
in n e r v a t io n  and a c t i v i t y  d u r in g  c o n t r a c t io n .  J .  P h y s io l .  113, 
283-297.
HUNT, C.C. & PAINTAL, A.S. (1958). S pinal r e f le x  re g u la t io n  of 
fusim otor neurones. J . Physiol. 143, 195-212.
HUNT, C.C. & OTTOSON, D. (1976). I n i t i a l  b u rs t of primary endings of 
is o la te d  mammalian muscle sp ind les . J . Neurophysiol. 39, 324-330.
142
JAMI, L. & PETIT, J . (1978). Fusim otor a c tio n s  on s e n s i t i v i t y  of 
s p in d le  secondary ending to  slow m uscle s t r e t c h  in  c a t  peroneus 
t e r t iu s .  J . Neurophysiol. 41(4), 860-869.
JANSEN, J.K .S. & MATTHEWS, P.B.C. (1961). The dynamic responses to  
slow s tr e tc h  of muscle sp ind les in  the  decerebrate  c a t. J . Physio l. 
159, 20-22.
JANSEN, J.K .S. & MATTHEWS, P.B.C. (1962). The cen tra l control of the  
dynamic response of muscle sp in d le  re c e p to rs .  J . P h y s io l. 161, 
357-378.
JENESKOG, T. (1 9 7 4 ). P a r a l l e l  a c t i v a t i o n  o f dynam ic fu s im o to r  
neurones and a clim bing f ib r e  system  from th e  c a t  b ra in  stem . I .  
E ffec t from the  cerebral region. Acta physio l, scand. 91, 223-242.
JENESKOG, T. & JOHANSSON, H. (1977). The rubro-bulbospinal path . A 
descending system known to  in fluence dynamic fusim otor neurones and 
i t s  in te r a c t io n  w ith  d i s t a l  cutaneous a f f e r e n ts  in  th e  c o n tro l of 
f le x o r  re f le x  a ffe re n t pathways. Exp. Brain Res. 27, 161-179.
KIDD, G.L. (1964). A p e rs is te n t  e x c ita tio n  of m uscle-spindle recep to r 
endings in  th e  r a t  follow ing v en tra l roo t filam ent s tim u la tio n . J . 
Physio l. 170, 39-52.
KOEZE, T.H. (1968). The independence of corticom otoneurones and 
fusim otor pathways in  the production of muscle co n trac tio n  by motor 
co rtex  s tim u la tio n . J . Physiol. 197, 87-105.
143
KOEZE, T.H. (1973). Thersholds of c o r t ic a l  a c t iv a t io n  of baboons 
a lp h a -  and gamma-motoneurones d u r in g  h a lo th a n e  a n e s th e s ia .  J .  
P hysio l. 229, 319-337.
KOEZE, T .H ., PHILLIPS.C.G. & SHERIDAN, J.D . (1968). T hreshold  of 
c o r t ic a l  a c tiv a tio n  of muscle sp ind les and alpha motoneurones of th e  
baboon’s  hand. J . Physiol. 195, 419-449.
KUCERA, J .  (1984). N onselec tive  motor in n e rv a tio n  of n u c le a r  bagi 
in tra fu s a l  muscle f ib re s  in  the  c a t. Cell and Tissue Research 236, 
383-391.
KOFFLER, S.W. & HUNT, C.C. (1952). The mamrelian sm all-nerve f ib re s :  
a system fo r  e ffe re n t nervous regu la tion  of muscle sp ind le  d ischarge. 
Res. Publ. Assoc. Res. Nerv. Ment. Dis. 30, 24-47.
KuHNE, W. (1863). Die M uskelspindeln. Ein B eitrag  zur Lehre von der 
Entw ickelung d e r Muskeln und N ervenfasern . Virchows Arch. P a th o l. 
A nat. P hysio l. 28, 528-538.
KUSCHINSKZ, W., WAHL, M., BOSSE, O. & THURAU, K. (1972). P eriv ascu la r 
pottasium  and pH as determ inants of local p ia l a r te r ia l  diam eter in  
c a ts .  C irc. Res. XXXI, 240-247.
LANDGERN, S. & SILFVENIUS, H. (1969). P r i j e c t io n  to  th e  c e re b ra l 
c o r te x  o f g roup I m uscle a f f e r n t s  from  th e  c a t ’s  h in d lim b . J .  
Physio l. 200, 353-372.
144
LANDGREN, S . , SILFVENIUS, H. & WOLSK, D. (1967). Somato-sensory paths 
to  th e  second  c o r t i c a l  p r o je c t io n  a re a  of th e  g roup I m uscle  
a f fe re n ts .  J . Physiol. 191, 543-559.
LANDGREN, S. & SILFVENIUS, H. (1971). Nucleus Z, the  m edullary re lay  
in  th e  p ro je c tio n  p a th  to  th e  c e re b ra l c o rte x  of group I m uscle 
a f fe re n ts  from the  c a t ’s hind limb. J . Physiol. 218, 515-571.
LANGLEY, J.N . (1922). The nerve f ib r e  c o n s t i tu t io n  of p e r ip h e ra l  
nerves and of nerve ro o ts . J . Physiol. 56, 382-396.
LAPORTE, Y. (1979). On th e  in t r a f u s a l  d i s t r ib u t io n  of dynamic and 
s t a t i c  fusim otor axons in  ca t muscle sp in d les . Prog. Brain Res. 50, 
3-10.
LEKSELL, L. (1945). The ac tio n  p o ten tia l and ex c ita to ry  e f fe c ts  of 
th e  sm all v e n tra l ro o t f ib r e s  to  s k e le ta l  m uscle. Acta p h y s io l, 
scand. 10 Suppl. 31, 1-84.
LENNERSTRAND, G. & THODAN, U. (1968). M uscle sp in d le  responses to  
concom itant v a r ia t io n s  in  le n g th  and in  fusim otor a c tiv a tio n . Acta 
physio l, scand. 74, 153-165.
LIVINGSTON, A. & PHILLIPS, C.G. (1957). Maps and th resho lds fo r  th e  
sensorim otor cortex of the c a t. Q. J . exp. Physiol. 42, 190-205.
LLOYD, D.P.C. (1943). Neuron p a tte rn s  co n tro llin g  transm ission  of
145
ip s i la te r a l  hindlimb re flex es  in  c a t. J . Neurophysiol. 6, 293-315.
LLOYD, D.P.C. & McINTYRE, A.K. (1950). Dorsal column conduction of 
group I m uscle a f f e r e n t  im pulses and t h e i r  re la y  th rough  C la rk 's  
column. J . Neurophysiol. 13, 39-54.
LOEB, G.E. & DUYSENS, J . (1979). A c tiv ity  p a t te rn s  in  in d iv id u a l 
hindlimb primary and secondary muscle sp ind le  a f fe re n ts  during normal 
movements in  unrestra ined  c a ts . J . Neurophysiol. 42, 420-440.
LUNDBERG, A. & WINSBURY, G. (1960). S e lec tiv e  adequate a c tiv a tio n  of 
la rg e  a ffe re n ts  from muscle sp ind les and golgi tendon organs. Acta 
Physiol. Scand. 49, 155-164.
MALLART, A. (1964). P ro jec tion  des afferences m usculaires de la  p a tte  
a n te r ie u re  au n iveau  du thalam us chez le  c h a t. C. r .  hebd. Seanc. 
Acad. S c i .,  P aris  259, 1215-1218.
MALLART, M.A. (1968). Thalamic p ro jec tio n  of muscle nerve a f fe re n ts  
in  th e  c a t. J . Physiol. 194, 337-353.
MATTHEWS, B.H.C. (1933). Nerve endings in  mammalian m uscle. J .  
Physiol. 78, 1-53.
MATTHEWS, P.B.C. (1962). The d if fe re n ta tio n  of two types of fusim otor 
f ib r e s  by th e i r  e f f e c ts  on th e  dynamic response of m uscle s p in d le  
primary endings. Q. J . Exp. Physiol. 47, 324-333.
146
MATTHEWS, P.B.C. & STEIN, R.B. (1968). The s e n s i t i v i t y  of m uscle 
a f f e r e n ts  to  sm all s in u so id a l changes of le n g th . J .  P h y s io l. 200, 
723-743.
MATTHEWS, P.B.C. (1972). Mammalian muscle recep to rs and th e i r  cen tra l 
a c tio n s . London: Arnold.
McINTYRE, A.K. (1953). C ortica l p ro jec tio n  of a ffe re n t impulses in  
muscle nerves. Proc. Univ. Otago med. School 31, 5-6.
McINTYRE, A.K. (1962). Central p ro jec tio n  of impulses from recep to rs 
a c tiv a te d  by muscle s tre tc h . In Symposium on Muscle recep to rs , ed. 
BARKER, D ., pp. 19-29. Hong Kong: Hong Kong Univ. P ress.
McWILLIAM, P.N. (1975). The incidence and p rep ara tio n  of (B axons to  
muscle sp ind les in  th e  ca t hindlimb. Q. J . Expl. Physiol. 60, 25-36.
MEGIRIAN, D. & TROTH, R. (1 9 6 4 ). V e s t ib u la r  and m uscle  n e rv e  
connections to  pyram idal neurones of c a t .  J . N europhysio l. 27, 
481-492.
MERTON, P.A. (1953). Speculations on th e  Servo-Control of movements. 
In  The S p in a l C ord, ed . WOLSTENHOLME, G .E.W ., pp. 247-255 . :
C hurch ill.
MERTON, P.A. (1964). Human p o s itio n  sense and sense of e f fo r t .  Symp. 
Soc. Exp. B io l. 18, 387-400.
147
MORTIMER, E.M. & AKERT, K. (1 9 6 1 ) .  C o r t i c a l  c o n t r o l  and  
r e p re s e n ta t io n  of fu sim oto r neurones. Am. J .  P h y sio l. Med. 40, 
228-248.
MOUNTCASTLE, V .B ., O0VIAN, M.R. & HARRISON, R. (1952). The cen tra l 
rep re sen ta tio n  of some forms of deep s e n s ib i l i ty .  Res. Pubis. Ass. 
Res. Ner. Ment. Dis. 30, 339-370.
MURPHY, J .T . ,  WONG, Y.C. & KWAN, H.C. (1975). A f fe r e n t- e f f e re n t  
l in k a g e  in  m otor c o r te x  f o r  s in g le  lim b fo re lim b  m u sc le s . J .  
Neurophysiol. 38, 990-1014.
NELSON, S .R ., HOWARD, R .B ., CROSS, B.S. & SAMSON, F .E . (1980). 
Ketamine induced changes in  regional glucose u t i l i z a t io n  in  th e  r a t  
b ra in . Anesthesiology 52, 28-32.
NORRSELL, U. & WOLPOW, E.R. (1966). An evoked p o te n t ia l  s tu d y  of 
d if f e re n t  pathways from th e  hind limb to  the  somatosensory a reas  in  
th e  c a t .  Acta physio l, scand. 66, 19-33.
O’LEARY, J . ,  HEINBECKER, P. & BISHOP, G.H. (1935). A n aly sis  of 
function  of a nerve to  a muscle. Am. J . Physiol. 110, 636-658.
OSCARSSON, O. & ROSEN, I .  (1963). P ro jec tion  to  cerebra l co rtex  of 
la rg e  m uscle sp in d le  a f f e r e n ts  in  fo re lim b  n erves of th e  c a t .  J .  
Physio l. 169, 924-945.
148
OSCARS SON, 0 . ,  ROSeN, I .  & SULG, I .  (1966). O rganization of neurones 
in  th e  c a t cerebral cortex  th a t  a re  influenced from group I muscle 
a f fe re n ts .  J . Physiol. 183, 189-210.
PHILLIPS, C.G. (1956). C ortical motor th resho ld  and th e  th resho lds 
and d i s t r ib u t io n  of e x c ite d  Betz c e l l s  in  th e  c a t .  Q. F l . Exp. 
Physio l. 41, 70-84.
PROCHAZKA, A. & WAND, P. (1981). Independence of fu sim o to r and 
skeletom otor systems during voluntary movements. In Muscle recep to rs  
and movements/ eds. TAYLOR, A. & PROCHAZKA, A ., pp. 229-244. London: 
MacMillan.
PROSKE, U. & MORGAN, D.L. (1985). A f te r - e f f e c ts  of s t r e t c h  on th e  
re sp o n se s  of c a t  s o le u s  m uscle s p in d le s  to  s t a t i c  fu s im o to r  
s tim u la tio n . Exp. Brain Res. 59, 166-170.
PROVINS, K.A. (1958). The e f f e c t  of p e r ip h e ra l nerve  b lock  on th e  
a p p re c ia tio n  and execu tion  of f in g e r  movements. J .  P h y s io l. 143, 
55-67.
RAICHLE, M.E., POSNER, J.B . & PLUM, F. (1970). Cerebral blood flow 
during and a f te r  hyp erv en tila tio n . Arch. Neurol. 23, 394-403.
ROSEN, I .  (1969a). A fferent connections to  group I ac tiv a te d  c e l l s  in  
th e  main cuneatus nucleus of the  c a t .  J . Physiol. 204, 209-236.
149
ROSEN, I .  (1969b). E x c ita tio n  of group I a c tiv a te d  thalam ocortical 
re lay  neurones in  the c a t. J . Physiol. 205, 237-255.
ROSEN, I .  & ASANUMA, H. (1973). N atu ra l s t im u la tio n  of group I 
a c tiv a te d  c e l ls  in  the  cerebra l cortex  of th e  awake c a t. Exp. Brain 
Res. 16, 247-254.
RUFFINI, A. (1898). On th e  m inute anatomy of th e  neurom uscular 
s p in d le s  of th e  c a t  and on th e i r  p h y s io lo g ic a l s ig n if ic a n c e .  J .  
Physio l. 23, 190-208.
SEARS, T.A. (1964). E fferen t d ischarge in  alpha and fusim otor f ib re s  
of in te rc o s ta l nerves of the  c a t. J . Physiol. 174, 295-315.
SHERRINGTON, C.S. (1894). On th e  anatomical c o n s titu tio n  of nerves of 
s k e le ta l  m uscles; w ith  remarks on re c u rre n t f ib r e s  in  th e  v e n tra l  
sp in a l nerve-roo t. J . Physiol. 17, 211-258.
SILFVENIUS, H. (1 9 7 0 ). P r o je c t io n  to  th e  c e r e b ra l  c o r te x  from  
a ffe re n ts  of the  in terosseous nerves of the  c a t .  Acta Physiol. Scand. 
80, 196-214.
SJOSTRQM, A. & ZANGGER, P. (1976). Muscle s p in d le  c o n tro l d u rin g  
locomotor movements generated by the  d e -a ffe ren ted  sp ina l cord. Acta 
ph y sio l, scand. 97, 281-291.
150
SOKOLOFF, L ., REIVICH, M., KENNEDY, C ., DES ROSIERS, M.H. , PATLAK, 
C .S ., PETTIGREW, K.D., SAKCJRADA, O. & SHINQHARA, M. (1977). The |><C] 
deoxyglucose method fo r  th e  measurement of lo c a l c e re b ra l g lucose  
u t i l iz a t io n :  theory, procedure and normal values in  the  conscious and 
an aesth e tized  a lb ino  r a ts .  J . Neurochem. 28, 897-916.
STARR, A ., McKEON, B ., SKUSE, N. & BURKE, D. (1981). C erebral 
p o te n tia ls  evoked by muscle s tr e tc h  in  man. Brain 104, 149-166.
STEG, G. (1962). The function of muscle sp ind les  in  s p a s t ic i ty  and 
r ig id i ty .  Acta Neurol. Scand. 38(suppl.3 ) , 53-59.
STEIN, R.B. (1974). Peripheral control of movement. Physio l. Rev. 54, 
215-243.
SWETT, J .E . & BOURASSA, C.M. (1967). S hort la te n c y  a c t iv a t io n  of 
pyram idal t r a c t  c e l l s  by group I a f f e r e n t  v o lle y s  in  th e  c a t .  J . 
Physio l. 189, 101-117.
TAYLOR, A. & CODY, F.W.J. (1974). Jaw muscle sp ind le  a c t iv i ty  in  the  
c a t during normal movements of ea tin g  and d rink ing . Brain Research 
71, 523-530.
TAYLOR, A. & DAVEY, M.R. (1968). Behavior of jaw m uscle s t r e t c h  
recep to rs  during ac tiv e  and passive movements in  th e  c a t .  Nature 220, 
301-302.
151
TAYLOR, J . ,  STEIN, R.B. & MURPHY, P.R. (1985). Impulse r a te s  and 
s e n s i t i v i t y  to  s t r e t c h  of so leu s  m uscle s p in d le  a f f e r e n t  f ib r e s  
d u r in g  loco m o tio n  in  prem am m illary  c a t s .  J .  N e u ro p h y s io l. 53, 
341-360.
TROTT, J.R . (1976). The e f fe c t  of low amplitude muscle v ib ra tio n  on 
th e  d isc h a rg e  of fu sim otor neurones in  th e  d e c e re b ra te  c a t .  J .  
P hysio l. 255, 635-649.
VALLBO, A.B. (1970a). Slowly adapting muscle recep to rs in  man. Acta 
physio l, scand. 78, 315-333.
VALLBO, A.B. (1970b). D ischarge p a t te rn s  in  human m uscle sp in d le  
a f f e r e n ts  d u rin g  iso m e tr ic  v o lu n ta ry  c o n tra c t io n s .  A cta p h y s io l ,  
scand. 80, 552-566.
VALLBO, A.B. (1 9 7 1 ). M uscle s p in d le  re sp o n se  a t  th e  o n s e t  of 
vo luntary  isom etric  con tractions in  man. J . Physiol. 218, 405-431.
VALLBO, A.B. (1973). The ro le  of muscle sp ind les in  volun tary  motor 
a c t iv i ty .  Acta Physiol. Scand.(suppl) 396, 38.
VALLBO, A.B. (1974a). A fferent d ischarge from human muscle sp in d les  
i n  n o n c o n tra c t in g  m u sc le s . S teady  s t a t e  im pu lse  frequency  a s  a 
function  of jo in t  angle. Acta physio l, scand. 90, 303-318.
152
VALLBO, A.B. (1974b). Human muscle sp ind le  d ischarge during isom etric  
voluntary  co n trac tio n s. Amplitude re la t io n s  between sp ind le  frequency 
and torque. Acta physio l, scand. 90, 319-336.
VALLBO, A.B. & HULLIGER, M. (1 9 7 9 ). F e x ib le  b a la n c e  betw een 
sk e le to m o to r and fusim otor a c t i v i t y  d u ring  v o lu n ta ry  movements in  
man. Neurosci. L e tt. Suppl. 3, S103.
VALLBO, A .B ., HAGBARTH, K .E ., TOREBJORK, H.E. & WALLIN, B.G. (1979). 
Som atosensory, p ro p rio c e p tiv e , and sym pathetic  a c t i v i t y  in  human 
perip h era l nerves. Physiol. Rev. 59, 919-957.
VALLBO, A.B. & HULLIGER, M. (1981). Independence of skeletom otor and 
fusim otor a c t iv i ty  in  man. Brain Research 223, 176-180.
VEDEL, J .P . (1965). Etude du con tro le  nerveux cen tra l des m odalites 
s ta t iq u e  e t  dynamique de la  response des re c e p te u rs  p r im a ire s  du 
fu seau  neurom usculaire chez le  Chat. E f fe ts  d*une s t im u la tio n  du 
noyau caude e t  de la  capsule in te rn e . C. R. Soc. B io l. (P a ris ) 159, 
441.
VEDEL, J .P .  & MOUILLAC-BAUDEVIN, J .  (1969a). E tuce fo n t io n e l le  du 
c o n t r o le  de l ' a c t i v i t e  d es  f i b r e s  f u s im o tr ic e s  dynam iques e t  
s ta tiq u e s  par le s  formations re tic u le e s  mesencephal iq u e , pontine e t  
b u lb a ire  chez le  chat. Exp. Brain Res. 9, 325-345.
153
VEDEL, J .P . & MOUILLAC-BAUDEVIN, J . (1969b). Control de l 'a c t i v i t e  
des f ib r e s  fu s im o tr ic e s  dynamiques e t  s ta t iq u e s  p a r la  fo rm ation  
re t ic u le e  mesencephalique chez le  chat. Exp. Brain Res. 9, 307-324.
VEDEL, J .P .  & MOUILLAC-BAUDEVIN, J .  (1970). C on tro le  pyram idal de 
l 'a c t i v i t e  des f ib r e s  fu s im o tr ic e s  dynamiques e t  s ta tiq u e s  chez le  
ch a t. Exp. Brain Res. 10, 39-63.
VOORHOEVE, P .E . & van KANTEN, R.W. (1 9 6 2 ). R e f le x  b e h a v io r  of 
fusim otor neurones of th e  ca t upon e le c tr ic a l  s tim u la tio n  of various 
a f fe re n t f ib r e s . Acta P hysio l. Pharmacol. N eerl. 10, 391-407.
WALRO, J.M. & KUCERA, J .  (1985). Motor in n e rv a tio n  of in t r a f u s a l  
f ib re s  in  r a t  muscle sp ind les: incomplete sep ara tio n  of dynamic and 
s t a t i c  system. Am. J . Anat. 173, 55-68.
WAND, P. & SCHWARZ, M. (1985). Two types of c a t  s t a t i c  fu sim o to r 
neurones under separa te  cen tra l c o n tro l. N eurosci. L e t t . 58, 145-149.
WINTERS, W.D. & SPOONER, C.E. (1966). A neurophysiological comparison 
of a lp h a-ch lo ra lo se  and gairma-hydroxybutyrate in  c a ts .  Electroenceph. 
C lin . Neurophysiol. 20, 83-90.
WINTERS, W.D. , FERRAR-ALLADO, T. , GUZMAN-FLORES, C. & ALCAZAR, M. 
(1972). The c a ta le p t ic  s t a t e  induced by ketam ine: a review  of th e  
neuropharmacology of anaesthesia . Neuropharmacology 11, 303-315.
154
WOOLSEY, C .N ., CHANG, H.T. & BARD, P. (1947). D is tr ib u t io n  of 
c o r t ic a l  p o te n tia ls  evoked by e le c tr ic a l  s tim u la tio n  of dorsal roo ts  
in  Macaca m ulata. Fed. Proc. 6, 230.
YOKOTA, T. & VOORHOEVE, P.E. (1969). Pyramidal contro l of fusim otor 
neurones supplying extensor muscles in  th e  c a t 's  forelim b. Exp. Brain 
Res. 9, 96-115.
ZARZECKI, P ., SHINODA, Y. & ASANUMA, H. (1978). P ro jec tio n  from area  
3a to  th e  m otor co rtex  by neurones a c t iv a te d  from group I m uscle 
a f fe re n ts .  Exp. Brain Res. 33,269-282.
GLASGOW
UNIVERSITY
